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ABSTRACT.
The development of H nmr spectroscopy has greatly increased 
the potential usefulness of tritium labelled compounds in chemical 
and biochemical research. The present study was undertaken in order 
to explore some of the applications o f this technique in organic and 
pharmaceutical chemistry. The thesis is divided into six sections 
as fo llows:-
The General Introduction contains a literature survey
3
highlighting the properties of tritium, the applications o f H nmr 
spectroscopy already reported and some of the many procedures for 
tr it ia t in g  organic compounds.
3
In the f i r s t  chapter the problem of referencing H nmr 
spectra and the determination of the Larmor frequency ratio is discussed; 
the la tte r  was found to be dependent on bond hybridisation. The 
preparation of tr it ia ted  tetramethylsilane is also reported.
Chapter two is concerned with the measurement of geminal coupling
constants by a combination o f tritium labelling of various organic 
3
compounds and H nmr analysis. This approach has certain advantages over 
the corresponding deuteriation procedure.
Chapter three describes the application of a one-step catalytic
procedure (using pre-reduced PtO  ^ and HTO) to the labelling of a number of
3 3drugs widely used in pharmacology. H Nmr analysis shows that the H is
invariably incorporated into stable positions.
2 3Labelling (both by H and H)  o f O C ,  ( 3-unsaturated acids is 
considered in chapter four and this leads to a mechanistic study o f the 
labelling of conjugated dienoic acids at both a-and Y-Posi t:i-ons»
3
In the fina l chapter H nmr spectroscopy is applied to a study of 
the stereochemical aspects of the tritium labelling of 5-phenylpenta-2,4- 
dienoic acid.
3
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GENERAL INTRODUCTION.
Isotopically labelled compounds have found widespread 
use in chemical and biochemical research. In many laboratories 
they have long ago lost their novelty and have become conventional 
research tools. From the time that they began to be freely 
available, radioactive isotopes as tracers have been widely and 
d iligently  applied to research problems in biology and chemistry.
As these applications frequently require organic compounds 
substituted or labelled with isotopes, their synthesis has become 
a new branch of practical organic chemistry - the preparation 
of labelled compounds. 1
A majority of chemical and biochemical studies are made
3 33 35 36by the use of compounds labelled with H, C, P, S, and Cl
nuclides, but the scope of this thesis is limited to the preparation,
analysis, and characteristic features of tritium labelled compounds.
1
2I .  SOME PROPERTIES OF TRITIUM.
Following the discovery of deuterium in ordinary hydrogen
and in samples of water concentrated by electrolysis, i t  was
natural that e fforts  would be made to discover other isotopes of
hydrogen. Two schools only engaged themselves in this problem,
one in the United States of America at Princeton University and the
other at Cambridge University in Great Britain. The British team
studied isotopes produced a r t i f i c ia l l y  by nuclear reactions while
the American team looked for hydrogen o f mass three in natural
2
sources. In March 1934 the Cambridge team led by Rutherford 
published definite evidence for the existence of a hydrogen isotope 
of mass three. This was produced by the bombardment o f a 
deuterium target with fast deuterons. The following month the 
Princeton team reported finding positive evidence for the existence 
of hydrogen-3 in natural sources. Both teams thought that the 
newly discovered hydrogen isotope, called tritium, was stable. I t  
was several years later in 1938 that observations of formation of an 
excited helium-3 in the disintegration of deuterium by accelerated*
3
deuterons led Bonner to suggest that tritium may spontaneously 
disintegrate into helium -3 with the emission of an electron.
In September 1939, at the outbreak of World War I I ,  Alvarez 
4
and Cornog working at the University of California Radiation Laboratory 
demonstrated that the tritium produced by Rutherford's method was 
defin ite ly  radioactive and had a longish h a l f - l i f e .  A number of 
reviews were subsequently published describing this fascinating and 
exciting work.^
In the next 15 to 20 years tritium came into use as a 
radioactive tracer isotope, gradually displacing the stable isotope 
deuterium. Progress was slow mainly due to the d if f icu lty
3There was often some reluctance to work with a radioactive
material which is d i f f ic u lt  to detect, and deuterium was preferred
6from this point of view. In 1956, Wilzbach discovered a simple
method for labelling compounds with tritium; this stimulated new
interest in using tritium compounds as tracers, although the method
of labelling subsequently proved less useful than had been hoped.
The value o f tritium and its  compounds was rapidly recognised and
their use was quickly accelerated by new techniques for their
measurements, particularly liquid sc in tilla tion  methods. From
1957 onwards the growth in the use o f tritium and compounds labelled
with tritium has been quite phenomenal and the isotope is proving
5
invaluable in many fie lds of study.
Tritium is an exceptionally interesting nuclide, partly 
because i t  is a second isotope of hydrogen and so e f fec t ive ly  
duplicates the highly d iversified chemistry of that element, and
5
partly because of its  unique nuclear properties. Up to twenty years 
ago the d i f f icu lty  of measurement restricted its  use as a tracer to 
a few laboratories having the necessary instrumentation. The 
development of liquid sc in til la t ion  counting of weak (3 -emitters has 
changed a l l  that, and tritium is rapidly taking its  rightful place
5
as a tracer isotope of major importance.
Tritium is an isotope emitting s o ft [3 -radiation of maximum energy
18.5 KeV. The decay energy per m illicurie of tritium per day amounts 
16to 1.82 x 10 eV, although the percentage of the 3 -radiation with
energy above 17 KeV is only 0.05. The best value for the h a l f - l i f e
o f tritium, determined by measuring the accumulation of helium -3 which
3 3 -is produced by the natural decay of tritium, H ? He , is 12.26
-9 -1years, with the radioactive decay constant of (1.791 x 10 sec ).
of measurement, arising from the low energy of the (3 -particles.
Tritium has certain unique advantages as a tracer for 
5bio-organic reactions. It is the cheapest radioisotope and this 
makes large-scale tracer experiments possible. For small scale 
laboratory use, being a hydrogen isotope and weak (3 -emitter, it 
often makes the radioactive labelling of materials easier and 
quicker than it would otherwise be. The half-life of 12.26 years 
is conveniently long, although short enough to reduce concern about 
production and the use of rather large quantities. The extremely 
high specific activities (compared for example with ^ C) permit 
experiments to be carried out with compounds whose normal 
physiological concentrations are extremely low and without significantly
7affecting the normal metabolic process. The excellent autoradio­
graphic properties, due to the weakness of the B-radiation, makes tritium 
the first choice in much biological tracer work. Low toxicity and 
comparative ease of labelling procedures are other obvious reasons for 
the extensive use of tritium as a tracer in the study of reaction
5pathways and mechanisms, both chemical and biochemical. Tritium is 
commercially available and the procedures for introducing the isotope
7into chemical compounds are well established.
The inherent radioactivity of tritium makes it an easy process 
to measure the rate of participation of a particular compound in a 
reaction and may aid the isolation of products, but an exact location 
therein is frequently difficult to determine. The commonly used
7method often involves a tedious sequence of specific degradations.
The procedure is rather wasteful if valuable materials are involved, 
and such degradation may be complicated by the possible loss of tritium 
by exchange and by reactions not proceeding quantitatively. Therefore, 
an unambiguous demonstration of the position of the label may not be 
obtained. The difficulties associated with the method that involves
4
5degradation of a molecule may be overcome by non-degradative
techniques of analysis e.g. infra-red spectroscopy. However,
the iso topic abundance of tritium required is so high (~ 107o) that
7
i t  is unlikely to be a satisfactory method of analysis.
Tritium is usually detected by liquid sc in tilla t ion  counting/
The method offers a high detection effic iency, absence of self-absorption,
ease of sample preparation, energy discrimination and short resolving
time. Two problems associated with i t ,  namely quenching effects
7and sample solubility  can frequently be overcome.
The procedure for liquid sc in tilla t ion  counting consists 
of dissolving the radioactive sample in a solution containing a 
sc in t il la to r  solvent and solute.. The liquid sc in t il la to r  converts 
the (3 -energy which is then transformed and amplified by photomultiplier 
tubes to e lec tr ica l energy. The signals are further amplified 
electronically and presented in the form of a d ig ita l display,
(cts per minute). A coincidence c ircu it reduces the background 
noise from the photomultiplier tubes.
The sc in t il la to r  solvent is selected on the basis of its  
ab il ity  to absorb the energy of the 13 -particles and transfer i t  
e f f ic ien t ly  to the solute. Alkylbenzenes fu l f i l  these requirements; 
toluene in particular has been much used. Purified dioxan or 
anisole are sometimes used when the radioactive substance is insoluble 
in toluene. Of several primary solutes such as j?-terphenyl,2- 
(4-biphenyl)-5-phenyl-oxadiazole (PBD), 2-(4f -t-butyl-phenyl)-5- 
(4 "-b iphenyl)- l,3,4-oxadiazole (Butyl-PBD) and 2,5 diphenyl oxazole 
(PPO) , the last is the most widely used/
Mention has already been made of the d i f f icu lty  which is 
sometimes encountered of locating the position of tritium in a
6tritiated organic compound. It has been known for some time 
that tritium is an excellent isotope for nmr studies and has 
superior nuclear properties even to the proton in respect of nmr
detection. The nuclear properties of the hydrogen isotopes are
7 8given in Table I. * The way in which tritium nmr spectroscopy has 
been developed and its use in locating the position of labelling 
will now be discussed in some detail.
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8XI- TRITIUM NMR SPECTROSCOPY.
since the first experimental observations in 1945 by Bloch, Hansen
9 10and Packard, at Stanford University, and by Purcell, Torrey and Pound
at Harvard University has revolutionized organic chemistry. Initially
an exciting new technique, which in the hands of forward-looking
pioneer chemists provided elegant solutions to old problems, and
enabled the solution of many new ones. It has been used in
structural organic chemistry and is a method for establishing the
position, configuration, and conformation of hydrogen atoms within a
molecule. However, nmr is not limited to hydrogen, and has been
13 31 19used for other nuclides such as C, P and F. The position of
deuterium atoms in molecules labelled with this stable isotope is
often established by comparison of the proton nmr spectrum of the
labelled compound with that of the unlabelled sample. However, this
method, the use of the absence of proton signals to indicate
substitution by deuterium, is prone to errors and is one which lacks
sensitivity. With the high isotopic abundance available, direct 
2H nmr spectroscopy has recently been applied to the study of
11biopolymer conformations and biological membranes. However, the 
frequent absence of any spin coupling data, which could give stereo­
chemical information, greatly reduces the usefulness of nmr in the
g
analysis of deuterium labelled compounds.
The need to establish the pattern of labelling in tritium
labelled compounds by a non-destructive analytical method suggested 
3
H nmr as an obvious extension to the well established proton magnetic 
resonance spectroscopy.^
Two consequences of the magnetic properties of the tritium
3
nucleus make H nmr spectroscopy particularly useful. Firstly, since
The advent of proton magnetic resonance spectroscopy,
9the tritium nucleus has a high magnetogyric ratio, reasonably small
amounts of radioactivity only (now about 10 mCi) are required to give
a very well-defined spectrum in a short time. Secondly, the chemical
shifts of tritium nuclei should be closely similar to those of hydrogen
nuclei, in corresponding environments. This is particularly important
because the vast body of data available on proton chemical shifts can
3
then be applied directly to H nmr, thus greatly facilitating
8interpretation.
In fact, the relative sensitivity of tritium at constant field
7
is higher than that of any other magnetic nuclide. Furthermore,
its resonance frequency is sufficiently different from that of the
proton (6 MHz at 2.1 Tesla) to ensure the use of proton noise
decoupling procedures, and hence to distinguish clearly the various
positions without the complications of H-T coupling, thereby allowing
the spectrum to be interpreted by inspection. Coupling between
tritium atoms is avoided because the low isotopic abundance of tritium
ensures that the probability of any molecule containing more than one
12tritium atom is very low. However, in spite of the advantages, the
thought of spinning glass tubes containing perhaps multicurie quantities 
of tritiated compounds in very expensive instrumentation at first 
discouraged any rapid development. During the period 1968-1971, a
3
detailed practical evaluation revealed that H nmr was a safe and useful 
analytical tool, and in 1971 it was shown to be capable of reduction 
to a safe routine.1^
In 1968 a collaborative project was set up between
The Radiochemical Centre and the Chemistry Department of the University
of Surrey, to examine systematically tritium labelled compounds by 
3
H nmr spectroscopy. This method has proved to be a sophisticated and 
powerful technique for determination of the position(s) and 
configuration of tritium atoms in the labelled compounds and for
10
and bio-organic research have been reported; satisfactory spectra
with acceptable low levels of activity have been obtained. As a
matter of fact, the method has satisfactorily overcome the tedious
traditional degradative methods for the determination of the
7
distribution of tritium within the substrate.
3
H Nmr, unlike, for example, proton nmr, is not in general
used to establish the structure of an unknown compound. More
usually, as it was previously mentioned, it has been used to establish
the position and distribution of tritium atoms within a tritiated
compound of known structure. The triton chemical shifts revealed 
3
in the H nmr spectrum obtained with proton spin decoupling are
interpreted in terms of chemical structures by means of known proton
8 3correlations. In other words, assignment in a H nmr spectrum
1
is usually made by comparison with the corresponding H nmr spectrum, 
since the chemical shifts of tritons and protons measured under the 
same conditions are very close. The intensity of the tritium signals 
give directly the relative amounts of the isotope in each position., 
Signal splitting may give information on the stereochemistry of tritium 
atoms in nearby positions, because the magnetic interaction between 
two proton and triton nuclei on adjacent carbon atoms will depend on 
their relative geometry in space. This information is of special
importance, for example, in the study of the biochemical transformation
8 3of steroids. The H nmr confirms the results obtained by Osawa and
14Spaeth, on the stereo-specificity of tritium atoms in the 1 and 2
positions of androgens. In some cases, further stereochemical
information may be obtained by measuring triton-proton couplings in 
3
H nmr spectra without proton spin decoupling, or with specific proton 
decoupling. The use of spin decoupling techniques effectively
quantitative measurements. In addition applications in organic
11
destroy couplings between adjacent magnetic nuclei and greatly reduce
the complexity of multiplet signals but can cause selective signal
enhancement in an nmr spectrum. The phenomenon of signal enhancement
is known as nuclear Overhauser effect (nOe), and is discussed in
15detail in the literature.
3
H Nmr spectroscopy has been shown to have a number of 
16important applications. Besides, the determination of the
3
specificity of labelling, the most important application of H nmr,
other uses include examination of the decomposition products formed
13by radiolysis of tritium compounds, the investigation of
17biosynthesis of natural products, the study of organic reaction
18 19mechanisms, and the kinetics of detritiation reactions.
For many tracer applications of tritium compounds a knowledge
of the precise position and configuration of the label is essential.
3The ready availability of such information from H nmr will save
considerable time often spent in the past on carrying out the laborious
16chemical degradation methods prior to counting. For example, it
3
is necessary to know the labelling pattern in( H)benzo(a)-pyrene for 
20studies of the binding, under the influence of microsomal enzymes,
of this carcinogen to biopolymers, and for studies of metabolism of
21the compound in cell cultures. Similarly, a knowledge of the
pattern of tritium labelling in oestrogens is required for the correct
interpretation of the binding of these steroid hormones to DNA in 
22cancer studies.
Studies of biosynthesis of penicillins using tritiated valine
required an accurate knowledge of the positions and quantitative
23distribution of the tritium within the molecule, as did studies of
the isomerisation of L-valine to D-valine for incorporation in 
24actinomycin D. A knowledge of the stereospecificity of labelling
12
in tritiated cholesterol was necessary for the study of
7cx.-hydroxylating enzymes and the measurement of enzyme activity
by the release of tritiated water by microsomal cholesterol 
2570C-hydroxylase. Other examples where knowledge of the precise
labelling pattern in tritiated compounds is necessary includes
26work on chemical transformations of tritiated substrates, and
investigations on new labelling techniques, such as, labelling by
27microwave activation of tritium gas.
3
The early observation of high resolution H nmr spectra was
28 3made by Tiers et al, on a sample of neat ethyl benzene-1,2- H at
about 1 atom percent tritium abundance and operating at a field
strength of 8800 gauss and 40 MHz. The sample contained 10 Curies
of tritium in 300 p, 1. The authors pointed out the dangers from
pressure developing in the sample tube due to self-radiolysis of a
highly labelled compound and stressed the potential contamination
hazard.
Improved instrumentation using the pulsed Fourier transform
3technique has resulted in high quality H nmr spectra from samples
containing as little as 10 mCi of radioactivity and at less than 0.17.
17isotopic abundance. At Surrey, a micro-cell assembly was
originally used to reduce the amount of radioactive sample to 30 p,l,
thereby minimising problems of radiation safety. In addition, a
computerized spectral accumulation considerably improved the limit of
3detection and, for example, a properly resolved H nmr spectrum of 
3
uridine-5- H was obtained on an 8 mCi sample.
With these and more recent improvements in instrumentation,
the need for high specific activities in the tritiated compounds
3under examination are no longer essential for H nmr spectroscopy, but 
may be important when the solubility of the labelled compound in the nmr
solvent is very low. With currently available sensitivity, H 
nmr spectroscopy can be applied to the elucidation of chemical
and biochemical problems using quite moderate levels of radioactivity.
3
The subject of H nmr spectroscopy and applications has recently been 
reviewed.^
From the instrumental point of view, most modern high- 
resolution proton nuclear magnetic resonance spectrometers equipped 
for spectrum accumulation can readily be adapted for tritium studies.
The requirements are a stable radio-frequency source giving the 
correct frequency for the triton at the magnetic field strength of 
the instrument, and the means of simultaneously irradiating protons.
A desirable, but by no means essential, addition is the means of 
specific irradiation of triton signals to effect triton-triton spin 
decoupling whether or not protons are being irradiated simultaneously. 
Both continuous wave and pulse nmr spectrometers are suitable.
However, the latter have sensitivity advantages, important for all 
nmr studies involving low-abundance nuclei.
Although, nmr spectroscopy has been used routinely since 1960 
1 19 31for observing H, F and P nuclei, the introduction of Pulse-Fourier
transform nuclear magnetic resonance (FT nmr) spectroscopic techniques
has really facilitated the extension of nmr to most of the other elements
29in the Periodic Table. Publication of the fast Fourier transform 
30algorithm, the demonstration of the practicability of FT nmr
31spectroscopy by Ernst and Anderson, and the rapidly diminishing cost 
of computing hardware have led to the introduction of FT nmr into 
many chemical laboratories engaged in structural analysis.
13
3
The pattern of labelling in a tritiated compound will 
obviously depend upon the method used for the preparation of the 
compound. Various methods are available and are divided into 
two major categories,
a) Specific labelling methods.
There are three principal methods used for specific labelling
5 8of organic compounds with tritium. 9
1. Reduction of multiple bonds with tritium gas and metal 
catalysts (platinum or palladium). This category
includes the reduction of alkynes, alkenes, etc.
T
CH3-(CH2)7 C == C (CH2)7 C02-CH3 -— ^|+GH3~(CH2)7 CT = CT (CH2)7
2. Reduction of unsaturated functional groups such as
- CHO, ]>C0, -C02-CH3, etc. with tritiated metal hydrides.
CH2OH - CHOH - CHO NaBH3.1> CH^H - CHOH - CHTOH
3. Catalytic halogen-tritium replacement reactions, for example, 
the replacement of Cl, Br or I in substituted aromatic 
compounds. Palladium catalysts are often used for this 
type of reaction.
III. TRITIATION PROCEDURES.
In all these reactions, it is possible to select the reaction 
conditions carefully so that the degree of non-specific 
labelling is quite small (usually less than 57. tritium in 
positions not specified). However, an investigation of the 
specificity of tritium labelling in ( H ) folic acid
15
in 3',51-dibromo folic acid) clearly demonstrated that
32a high degree of non-specific labelling can occur.
The synthesis of tritiated valine provides a further
interesting example where quite unexpected distributions
22of tritium have been found,
b) General labelling methods.
Methods for general labelling with tritium have been well 
described and their advantages and disadvantages discussed in
5
detail. General labelling is achieved by exchange reactions 
either by use of tritium gas or tritiated solvent.
1. Use of tritium gas.
Hydrogen isotope exchange of organic compounds with tritium
33was first recognised by Wilzbach in 1956. Although, there
have been numerous modifications of this radiation-catalysed
exchange procedure, the problems associated with the
purification of the compounds and the relatively low molar
specific activities normally achieved have made the method of
limited use. An example for which successful and
surprisingly specific Wilzbach labelling has been achieved 
3 34is L-( H) proline. A more widely used method involving
35tritium gas is that developed by Evans et al. This method, 
is based on the ability of hydrogen atoms in certain positions 
in molecules to exchange with tritium gas in the presence of 
a metal catalyst. A solution of the compound is stirred with 
catalyst (usually Pd) and the gas. Carbohydrates, amino-acids, 
purines, nucleosides, nucleotides and steroids have all been 
labelled by this method which yields tritiated products of 
high specific activity and purity, and often specific labelling.
(prepared by Pd catalysed halogen-tritium replacement
16
The most widely used of the methods for obtaining 
generally labelled compounds involves heating the 
compound (usually in a sealed tube and at 120-180°C) 
for a few hours (5-20 hr.) in a tritiated solvent 
(water, acetic acid, etc.) in the presence of a 
pre-reduced catalyst. A wide range of heterogeneous 
catalysts (Pt, Pd, Ni, Co, Fe, Rh, etc.) in supported
5
or unsupported forms have been employed, platinum being
the most active. Compounds labelled by this procedure
include, for example, amino-acids, polycyclic aromatic
5hydrocarbons, purines, pyrimidines and steroids.
A large number of organic compounds can also be specifically
labelled under homogeneous conditions by taking advantage
of the weakly acidic character exhibited by some carbon- 
36hydrogen bonds. Thus, in the presence of a suitable base,
specific ionization may occur allowing hydrogen isotope 
exchange with an appropriately tritiated solvent. Some 
compounds such as the (3-diketones are sufficiently acidic to 
permit labelling to take place even in neutral solution at 
room temperature. For weaker acids such as ketones, strong 
bases, such as hydroxide ion, are required to produce the 
intermediate carbanion. For compounds that are even less 
acidic, such as triphenylmethane or toluene, highly basic 
media are necessary.
Treatment of many organic compounds with strong acid results 
in protonation. Subsequent proton loss (if it involves other than 
the introduced hydrogen atoms) can provide a means of exchange. All 
the hydrogen atoms in benzenoid and polycyclic aromatic hydrocarbons
2. Use of tritiated solutions.
17
may be exchanged in this way. Many such studies of acid catalysed 
tritiations have been reported,^’ ^^and recently the use of
high temperature and low acid concentrations for deuterations of
g
aromatics has been favoured. Many kinds of Lewis acids have
been used to induce exchange and of these ethy1-aluminium 
39 40dichloride ’ is amongst the most reactive.
In all exchange reactions a prerequisite is stability of 
the substrate under the experimental conditions. A degree of 
specific labelling can occur under some catalytic conditions.
However, neither the position nor the quantitative distribution 
of tritium in a molecule can be predicted with certainty without a 
prior check on the method.
Tritiated compounds prepared either by the methods used for
specific labelling or by those used for general labelling, are often
used as intermediates in biosynthetic methods for preparing other
5
tritiated compounds. Unless the enzymes involved act at the
positions labelled, the pattern of tritium labelling in the derived 
products is usually the same as that in the substrate used.
The usefulness of microbial processes in preparing radioactive
41labelled compounds has been reviewed, the microbiological aspects
of these systems, and technical problems have been reported. In
addition to the various methods of preparation of labelled compounds,
synthesis by direct chemical methods provides specific labelling and
is especially valuable when very high specific activities (of the
7
order of Ci/mmol) are required.
The usefulness of a tritium labelled compound as a tracer 
depends on the stability of the label. If it is easily lost it will 
be of small value, whereas if it is retained under various conditions 
the possible applications involving the compound are increased.
18
Whether or not the label is readily lost is not only a function of
the substrate structure, but also the conditions under which it is
employed. These can vary from e.g. neutral water to a complex
biological environment. The stability of tritium in a compound
is usually determined by studying its rate of detritiation in
solution over a wide range of pH values. The absence of isotopic
exchange is taken as evidence of chemical stability of the label.
An evaluation of the stability of the label under complex biological
conditions is more difficult. The double isotope tracer method,
3 14based on the determination of H to C ratio before and after its
course through the biological system, is frequently employed.
Provided no isotopic fractionation occurs, an identical ratio signifies
7 42a high degree of stability for the tritium in the labelled compound. *
The subject of chemical and biological stability of tritiated compounds
5
has been reviewed by Evans.
The necessary precautions for the handling of tritium labelled
5
compounds have been well described. The main precautions are to 
prevent ingestion or absorption through the skin or lungs. As far 
as tritium is a soft {3-emitting nuclide, external radiation to the 
body contributes negligible health hazard, and the use of protective 
clothing and gloves may prevent penetration of the low energy {3-particles. 
However, the possible assimilation of tritium in the body does 
constitute a potential health hazard as the internally deposited tritium 
irradiates the local tissues.
It is necessary to mention that in the use of tritiated
compounds, there are inevitably some related disadvantages which may
lead the unwary user astray. The uncertain stability of a hydrogen
isotope in a molecule, and the too familiar instability of highly
5
radioactive organic compounds, are the most obvious.
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1. The Problem of Referencing H nmr Spectra
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I . I .  INTRODUCTION
In the interpretation of nmr spectra, one of the most 
widely applied parameters which characterize the absorption of 
radiofrequency radiation by atomic nuclei placed in a magnetic 
field, is expressed as the chemical shift. This term is employed 
because absolute measurement of frequencies is not a simple matter. 
Frequency differences can be measured with great precision by 
electronic means. Hence all the line positions in an nmr spectrum 
are best referred to the line arising from some standard reference 
substance and expressed as differences in Hz from that reference 
signal. However, because such frequency differences vary with the 
magnetic field strength(v^Cb applied) it is important to use a 
frequency-independent scale in order to achieve common chemical shift 
values (which are independent of the particular nmr spectrometer 
employed for the measurement). This is effected by dividing the line 
separations, expressed in Hz, by the spectrometer operating frequency 
expressed in MHz. Thus a chemical shift (6) scale is obtained in parts 
per million, with the reference signal set, by definition, at zero.
(An earlier i  scale devised by Tiers, had the reference signal from 
TMS set at 10 p.p.m.). The choice of a standard for nmr spectroscopy 
has been a crucial matter.
In 1958 Tiers'^  proposed tetramethylsilane (TMS) as the
1
universal reference compound for H nmr spectroscopy. Tiers’ proposal 
was certainly welcome; it replaced a whole range of reference compounds 
in use at that time such as water, benzene, cyclohexane etc., some of 
which were not easy to inter-relate.
The characteristic features of TMS as an nmr reference are 
outlined as follows:
2k
The twelve protons of this molecule, being chemically 
equivalent, all resonate at the same value of the applied 
field. Therefore the resulting single line is compara­
tively very intense, so extremely small amounts of TMS
suffice. The signal appears to high field of most other 
1
H signals.
TMS does not become involved in intermolecular associations
with the sample (it is chemically inert). Association
effects would be undesirable, since they would modify the
electron environment of the TMS protons and hence change
2their absolute resonance positions.
The TMS molecule has four methyl groups arranged tetrahedrally 
around the silicon atom. As the molecule spins it has
effectively spherical symmetry, and hence has no magnetic
• 3 anisotropy.
It is a very volatile liquid, and as it is added only in trace 
amounts, recovery of the pure sample, if necessary, is usually 
a simple matter.
13TMS is also a most suitable reference for C-nmr studies.
Because of its symmetry, the molecule contains four times the
13natural abundance of C as GH^ groups. The resulting
13relatively strong signal is at the high field end of the C 
range of chemical shifts.
13TMS is given the arbitrary position of zero for both C 
and chemical shift scales. The frequency scale in each 
case increases from right to left as does the parts per million 6 
scale. The simplicity of having the chemical shift scale's” for 
all nuclei run in the same direction seems highly desirable.
Most of the newer instruments designed for multinuclei studies 
use a frequency sweep, so that a scale with chemical shifts
25
positive to increasing frequency seems logical. Fourier 
transform spectra, which are widely used, are inherently ex­
pressed in frequency units*^
7. TMS is commercially available, relatively cheap, and readily
soluble in most organic solvents. Therefore, tetramethylsilane
is a recognised international reference for the measurement of
13chemical shifts of protons and of C.
There are two possible methods of using a reference substance, 
namely, direct mixing (internal reference), or placing the substance 
and the reference in separate ampoules within the magnetic field 
(external reference). The advantage of the first method is that there 
is no need to take into account changes in the magnetic field strength 
inside the sample due to its magnetic susceptibility, since this field 
is the same for both the sample and the reference. When an internal 
reference is used the effect of solvents on the chemical shift is 
eliminated to a considerable extent. It may be necessary to use 
an external standard when investigating interactions in solutions.
The use of an extenal reference in determination of the chemical shifts 
inevitably necessitates the introduction of a correction for the
4
diamagnetic susceptibility of the sample.
Another internal standard proposed for aqueous (and I^O) media is the 
sodium salt of 4,4-dimethyl-4-silapentane-l-sulphonic acid (CH^)^ Si 
C^-C^-C^SO^ Na4" known as DSS. In cases where DSS disqualifies as 
an internal reference for aqueous solutions (at very low pH), it
appears that tetramethylamonium chloride (TMACl), functions reasonably
n  5 well.
The general problem of referencing for any magnetic nucleus
3and the particular problem of referencing H nmr spectra have been
6 3discussed. Referencing of H nmr spectra presented a special challenge
26
with known nmr data. In the early part of the work chemical
shifts were measured using tritiated water (HTO) as an internal 
7
reference. Triton and proton chemical shifts reported were given
on the 6 scale in ppm from HTO at 6 =0, high field shifts being
negative and low field shifts positive. The sharp line from
tritiated water provides a useful reference and derived chemical 
3 1shifts for both H and H resonances are reproducible provided 
concentration and temperature are always noted. In this connection, 
some experiments with uridine revealed no obvious dependence of 
chemical shift upon concentration over a range of 0.37 to 0.05 M.
It happens that many of the tritiated compounds of biochemical interest 
are water soluble, and as it may be necessary to examine, also, the 
proton magnetic resonance spectra, it was concluded that HTO as internal
reference with water or (better), deuterium oxide as solvent provided
3 7a reasonably satisfactory system for H nmr spectroscopy. In addition,
tritiated water does have an advantage over other compounds from the
radiochemical viewpoint, because it behaves as though it were stable;
self-radiolysis produces HT and oxygen which recombine, and so the
spectral line of the reference persists and no spectral complications
are introduced, as there would be if a tritiated organic reference
compound decomposed by radiolysis. Apart from the convenience of
1 3giving essentially comparable H and H nmr signals, it is well recognized
that water is not an ideal solvent (let alone standard) for nuclear
magnetic resonance measurements, being anisotropic and giving rise
through specific association with the solute to chemical shifts which
are highly dependent on concentration,pH, and temperature.6 Materials
such as tritiated chloroform were also considered as possible reference,
but were unsuitable, because of instability and volatility, or in other 
7 3ways. H Chemical shifts have recently been calculated relative to
for the accurate' determination and assignment of signals in comparison
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external monotritiated methyl iodide and monotritiated methanol. 
In 1974 Elvidge et al noted that
S R
il = rd - ctt ) / a  - q t n  - i (i>
5 IT s R
[(1 - aH ) / (1 - aH ] - 1
where S and R indicate sample and internal reference, and T and H
indicate chemical shift nuclear screening constants, for triton and protons,
at constant field. Now the screening constants and are mainly 
functions of the local molecular environment, which, for a single
isotopic replacement, as normally involved in nmr studies, is virtually
S S R Runchanged. Thus cf^  and an  ^equation (i) reduces
the approximation (ii)„ ^T _ (ii)" JL o
Triton and proton chemical shifts (ppm) measured from internal 
tritiated water have been plotted against one another, to give a 
straight line of unit slope and zero intercept. Hence the assumption, 
that the single isotopic replacement does not significantly affect 
the local shielding, is justified, despite the relatively enormous . 
isotopic mass difference.
It follows from equation (ii) that the ratio of the Larmor
frequencies ^T for any site at constant applied field (i.e. the ratio 
^H
of the frequencies measured by the spectrometer) should be virtually
constant. The measured frequencies and their ratios for a range of
very different, partially monotritiated compounds revealed that the
£
mean value of this ratio, is 1.06663975(3), in good agreement with 
Duffy's early value of 1.06663975(2)/ (It should be noted that 
Duffy's result was obtained using a 200 Curie sample, while Elvidge et 
al used compounds containing approximately 20-100 millicuries of 
tritium; since Duffy's sample contained some 20 atom per cent tritium,
28
there may be some question as to the nature of the species he was
comparing). As far as the use of a tritiated TMS analogue was
thought to be impracticable as an internal reference, it was now
clear that ordinary TMS or DSS or any compound of known could be
employed as reference. From the ratio of the Larmor frequencies given
above, it was possible to calculate the corresponding triton signal
position. Thus a 'ghost reference' could be generated for any
triton spectrum and, by the same token, 5^ values measured from it
should equal & values in the proton spectrum within the limits of H.
experimental error.
3 1A great advantage of the correspondence between H and H
nmr spectra is that the results are immediately useful. There is not
the trouble of establishing correlations between chemical shifts and
13structure that there still is with C nmr spectroscopy. The enormous
wealth of information and the reasoning established for *"H nmr 
spectroscopy is directly applicable.^
Of previous measurements of the Larmor frequency ratio by
11 12 9Anderson and Novick, Bloch et al in 1947, Duffy in 1959, and
13Huggins and Sanders in 1965, those of Duffy are clearly the most 
accurate. These various workers were physicists, investigating the 
relative magnetic moments of the triton and the proton. The experiments 
were concerned with the comparison of the Larmor frequencies of triton 
and proton nmr signals at the same magnetic field, and involved the 
design and construction of special apparatus, determination of optimum 
operating conditions, and accumulation of many results and the 
estimation of errors.
Bloch and co-workers, using a quantity of tritiated water
3
(80 atom 7> H) doped with MnSCty and an operating frequency of 40 MHz, 
established that the triton had a spin of h and a moment of the same
29
sign as the proton, but approximately 1.0667 times as great.
Duffy, in an elegant study, using far more sophisticated equipment, 
sought a higher precision. Using no less than 200 Curies of 207, HTO, 
in a 5 mm tube at 30 MHz, he obtained a value for the ratio of the 
triton and proton Larmor frequencies of 1.06663975(2). In order 
to minimize the risk of contamination, a head-space of wide bore 
tubing above the sample was used, in order to relieve internal 
pressure from self-radiolysis, and the time-shared, single-coil probe
was placed in a sealed box. Spinning was by a closed circuit air
3
turbine, with H monitoring equipment in the air line. By modifying
3 1the output devices, he obtained values for H and H relaxation times
(T^) of 1.02 and 0.83 seconds respectively. He noted that, at this
level of precision, the ratio of the Larmor frequencies could no longer
be equated with the ratio of magnetic moments, and proposed a correction 
3 1for H and H screening factors. Finally in 1965, Huggins and Sanders,
while investigating a possible variation of magnetogyric ratio with
field strength, made frequency ratio measurements on 500 Curies of
tritium as water in 50 ml of CuSO. solution.4
In 1963, Tiers and co-workers/^ noting the results of 
Anderson and Bloch, examined the high resolution nmr spectrum of a 
tritiated organic compound, using a commercial nmr spectrometer. As 
previously mentioned, they prepared ethyl benzene, containing about 
one atom percent tritium in the side chain, and sealed 0.3 ml of the 
liquid, containing about 10 Curies of tritium, in a standard nmr tube. 
Using a Varian 40 MHz spectrometer at a reduced field of 0.88 Tesla, 
they observed two first-order multiplets, that were identified as 
arising from CH^T- and -CHT- groups with triton proton coupling.
They derived coupling constants, noted that the shift difference 
between origins was in good agreement with proton results and used the
30
ratio of areas to draw inferences about the mechanism of their 
preparative reaction. In their conclusions they pointed out the 
potential utility of the method but emphasized the hazards involved 
in handling 10 Curie samples.
Isotope Shifts.
The effects of isotopic substitution on the magneting
shielding of nuclei have been known for sometime and are commonly
15observed in high resolution nmr spectra. It is not surprising
that such effects should occur since isotopic substitution inevitably
changes the dynamic state of a molecule. The change in mass of the
particular nucleus modifies the vibrational and rotational motion
of the molecule which causes a small change in the electronic structure
15and, hence, of the magnetic shielding of the various nuclei. The
first experimental observation of the isotope shift was observed for 
16hydrogen by Wimett in 1953. His values for the differences in the
£
proton magnetic shielding constant were aCH^) - a (D^) = 0.065 + 0.059 x 10 
and a (Hd) - c(H2) = 0.048 + 0.032 x IO-6.
15
Recent experimental findings have led to the conclusion that
isotopic substitution with a heavier nucleus has the effect of shortening
the average length of the bond holding the isotope (primary isotope
effects) as well as the remaining bonds (secondary isotope effects)
in the molecule. For almost all cases, heavy isotopic substitution
shifts the nmr signal of a nearby nucleus toward a higher magnetic
field, which means that the substitution results in an increase in
shielding of neighbouring nuclei. For the case in which protons are
substituted by deuterium atoms the effect has been measured on the
17proton and fluorine resonances. The magnitude of the isotope shift 
is generally dependent on how remote the isotope substitution is from 
the nucleus under observation. As might be expected, the largest
31
shifts occur when the substitution is next to the nucleus under 
observation, and the effect becomes smaller as the number of bonds 
separating the substituted isotope and the resonant nucleus increases.
In general, the isotope chemical shift is approximately proportional
to the number of atoms in the molecule that have been substituted
15 1by isotopes. The upfield shifts upon geminal substitution of H
2by H are sometimes explained in terms of intramolecular electrostatic
effects. They can also be considered as being due to the changes in
bond rehybridization accompanying small changes in molecular geometry
18(bond distances and angles) upon isotopic substitution. Upon
monodeuteration the proton magnetic resonance signal shifted upfield 
by 0.0125 + 0.0003 ppm for CH2C12> 0.0137 + 0.0002 for CH2Br2? and
0.0135 + 0.0002 for C H ^ .
6 3In 1974 Elvidge et al commented that H isotopic shifts would
for normal purposes be negligible, being comparable in magnitude to
usual experimental error. Similar observations and conclusions have
1 2 19 14 15 20been reported concerning the isotopic pairs H and H, N and N,
117 119 21and Sn and Sn, although for the tin isotopes the primary isotope 
effect on shielding sometimes lies beyond normal experimental error.
6 T
For hydrogen the very close isotope shift approximation ( --- = 1)
$ H
holds in spite of the relatively enormous isotopic mass difference, 
evidently because the combined effect of the different electronegativities
zero point energies, bond lengths, and van der Wals radii upon the
6 22 screening constants is very small. Subsequently reports appeared
13based on the observation of several secondary isotope effects on C,
1 3H, and H chemical shifts. The effects of hydrogen isotope substitution 
13on G chemical shifts were reported to be of the order of 1-10 Hz at
1 322.6 MHz, but the effects of carbon isotope substitution on H or H 
chemical shifts are only a few tenths Hz at 90 and 96 MHz, reflecting
32
of course the much wider range of chemical shifts for C as opposed to 
hydrogen nuclei. In all cases of secondary isotope effects on 
chemical shifts, the heavier isotope produces an upfield shift.
The present study has been undertaken in order to find
out whether or not the Larmor frequency ratio rTv is reasonably
H
constant as already assumed, or whether it is really a function of
bond hybridization. A series of different compounds was therefore
made, having differently hybridized G-H bonds. These were labelled
1 3with tritium and the H and H absolute resonance frequencies were
W Tmeasured as accurately as possible. The ratio was thus obtained
H
for a series of particular sites. The preparation of mono- 
tritiated TMS was also studied because of the potential importance
3
of that compound in the referencing of H nmr spectra.
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1.2. EXPERIMENTAL
1.2.1. Equipment.
A Bruker WH90 nmr spectrometer operating by the pulse,
Fourier-transform method has been used to record the spectra. The
1 3operating frequencies for H and H spectra were 90.02 and 96.02 MHz 
respectively.
1 31.2.2. Conditions for the Accurate Measurement of H and H Resonance 
Frequencies.
A deuterated solvent, for example, deuterio-chloroform, deuterium
oxide, or / h )^ dimethyl sulphoxide, provided the field-frequency locking
signal. Alternatively for neat liquid samples, external deuterium oxide
was used. To all samples was added a trace of tetramethylsilane (TMS)
(for organic solvents) or Sodium 4,4-dimethyl-4-Silapentane-l-sulphonate
(DSS) (for aqueous solvents) in order to provide the proton reference
signal. The tritium and protium resonance frequencies were obtained
on the same samples at 25°C. The pulse width was usually within the
range 1 . 0 - 3  [is. (10° to 30° flip angle) and the repetition interval
4 4up to 13.7 s, as appropriate. Between 10 and 4 x 10 transients
were usually acquired into 8 K channels and Fourier transformed to provide
a spectral display of approximately 300 Hz. In the case of the triton
1
spectra, broad band H decoupling was normally used. In order to
3
minimize the acquisition time, the H nmr samples usually contained 
between 10-40 mCi of radioactivity.
1.2.3. Sample Preparation.
The microcell assembly with a 30 [11 spherical microbulb has
7
been described previously. In the present work a 100 [ll cylindrical 
microcell (Wilmad-529, from the Wilmad Glass Co., New Jersey, U.S.A.) 
has frequently been used. The cell is filled with a solution of
34
labelled compound in the chosen deuterated solvent containing a 
trace of internal reference, using a 'Hamilton' 100 (ll syringe.
When the materials were volatile, both the syringe and cell were 
refrigerated prior to use. The filled microcell is then cooled in 
liquid nitrogen and sealed at the neck carefully to provide a good 
fit to the Teflon holder, by which the cell was inserted into the 
standard nmr tube (5 mm). Filling of the microcells was facilitated 
by prior partial evacuation. This was achieved by filling the open 
end with a serum cap, allowing evacuation via a needle connected 
to the high vacuum pump. Moreover, the air in the microcell could 
readily be replaced by inert gas, if necessary, and the cell contents 
could be maintained under reduced pressure to facilitate sealing of the 
neck. In order to prevent wobble when the tube assembly was spun 
in the spectrometer probe, carbon tetrachloride (or external deuterated 
solvent) was placed in the annular space between the microcell and the 
outer tube. The position of the microcell in the nmr tube was 
adjusted vertically to provide an optimum signal intensity.
1.2.4. Materials.
Two types of tritiated water, with the specific activities 
of 50 Ci/ml and 5 Ci/ml (supplied by The Radiochemical Centre, Amersham) 
have been used as tritiating agent. Solvents and compounds were 
'Analar' grade reagents. Where reagents of lesser purity were 
available they were purified by standard techniques. The purity of 
such compounds was checked by m.p. (or b.p) UV, IR and NMR spectroscopy 
where appropriate.
1.2.5. Preparation of Tritiated Compounds.
The following selected compounds were first labelled by 
deuterium at the specified positions in order to gain practice with 
the necessary procedures. Base catalysed homogeneous and metal
35
catalysed heterogenous exchange in solution were employed using
deuterium oxide as source of label. For the tritiation experiments,
tritiated water was the source of label and the specificity of
3
labelling was determined by H nmr spectroscopy.
3
(a) - Preparation of (1 - H) Phenylacetylene.
A mixture of phenylacetylene (0.15 ml), dioxan (0.3 ml), 
sodium hydroxide (50 mg), and tritiated water (25(11; 5 Ci/ml) was
kept at room temperature for 36 hours. The mixture was then 
neutralized with dilute hydrochloric acid, and was extracted with 
dried diethyl ether (3 x 5). The ethereal solution was clarified 
over anhydrous sodium sulfate, the ether was evaporated, and the 
compound was recovered.
3
(b) - Preparation of (1 - H) Methylbutynol.
2-Methylbut-3-yn-l~01 (ethynyl dimethyl carbinol) was 
23synthesized from acetylene, and was labelled by tritium as follows: 
Methylbutynol (0.15 ml), sodium hydroxide (50 mg) and 
tritiated water (30(11; 5 Ci/ml) were mixed and heated at 45°C
for 2 days. The mixture was neutralised with dilute hydrochloric 
acid, extracted with n-pentane (b.p. 35-36°C), and dried over 
anhydrous sodium sulfate. A small amount of methanol was added 
to exchange labile tritium and the methanol removed by lyophilization. 
The compound was finally recovered.
3
(c) - Preparation of (11 - H) Undec-10-yn-l-oic acid.
10-Undecynoic acid was synthesized by bromination of
10-Undecenoic acid in dry carbon tetrachloride followed by
debromination of the latter in alkaline solution (concentrated solution 
24of KOH). It was labelled by tritium as follows:
10-Undecynoic acid (35 mg), dioxan (0.3 ml), sodium
36
hydroxide (50 mg), and tritiated water (30 |il; 5 Gi/ml) 
were heated at 45°C for 2 days. The mixture was neutralized by 
dilute hydrochloric acid and was extracted with ether. The 
solvent was removed, a small amount of water was added to the 
solid (as above) to exchange labile tritium atoms and the water 
was removed by freeze-drying.
3
(d) - Preparation of (G - H) Benzene.
25Preparation of catalyst - sodium borohydride (400 mg) was 
added slowly to a suspension of platinum oxide (100 mg) in water 
(50 ml). Hydrolysis of the excess of sodium borohydride was 
completed by warming the reaction to 70°. The prereduced catalyst 
was washed free from salts with, water, the water was decanted, and 
the remaining reagents were then added.
Benzene (0.2 ml), prereduced PtO^ (70 mg) and tritiated 
water (10 (II; 50 Ci/ml) were mixed and heated at 110°C for 3 days.
The solution was then filtered off, the filtrate was taken up in ether, 
and the ethereal solution was dried and evaporated under vacuum. 
Generally labelled benzene was recovered as the residue.
(e) - Preparation of pure Collidine.
Collidine was first purified by preparative g.l.c. (Pig. 1 b). 
The impurity peak which was shown by analytical gas chromatography 
(Fig. 1 a) to accompany the main peak was finally separated (Fig. 1 c), 
using the conditions as given below:
37
Chromatograms of Collidine.
(Figure 1 c)
Time (min.)
in
j
e
c
t
.
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Preparative g.1.c. Chromatogram data
Size
Column
Length
Diameter
Liquid phase
Weight 7o
Support
Mesh
Carrier Gas 
Inlet Press 
Rate
Chart Speed 
Solvent 
Detector 
Sensit.
Flow Rates 
Hydrogen 40 
Split 
Det.
Column Intial
Sample 2,4,6 Collidine 
130 ^1
(15ft.6 m 
9 mm 
SE 30*
30
Chromosorb G (NAW)**
45-60
N2
0.6 bar 
100 ml/min 
lO'^"1
F.I.D.***
1 x 102 
ml/min 
Air 300 
99:1
Inj. - Set 5
0
100
Methyl Silicone Rubber Gum
Non -Acid wash
Flame Ionisation Detector
(G- H) Collidine was prepared as follows:
2,4,6-Collidine (130 (+1), prereduced Pt02 (100 mg), and 
tritiated water (7.5 |il; 50 Ci/ml) were mixed and heated at 110°C 
for 2 days. The mixture was then filtered off, and worked up with 
acetone, dried and the solvent evaporated. The generally labelled 
compound was recovered as the residue.
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(f) - Preparation o'f (2 - H) Isobutyric Acid.
Isobutyric acid (0.2 ml), sodium hydroxide (110 mg), and 
tritiated water (35 (+1; 5 Ci/ml) were placed in a sealed tube and 
heated at 150°C for 2 days. The mixture was then acidified with 
dilute hydrochloric acid, and the labelled compound was separated off.
3
(g) - Preparation of (2 - H) Isobutanol.
26A solution of lithium aluminium hydride (78 mg) in 2 ml 
of ether under dry conditions was stirred and a solution of
3
(2 - H) isobutyric acid (0.15 ml) in ether (1 ml) was added dropwise 
to produce a gentle reflux. Fifteen minutes later, water was added to 
decompose excess of hydride. Sulphuric acid (1 ml, 107,) was added 
and the contents of the flask were worked up in the usual way.
3
(h) - Preparation of (2,4 —  H) Pentane-3-one.
3
(2,4 - H) Pentane-3-one was prepared by refluxing a mixture 
of diethylketone (0.2 ml), sodium carbonate (50 mg) and tritiated water 
(45 p,l; 5 Ci/ml) at 60°C for 3 days. After acidification of the 
solution, the labelled ketone was taken up in ether, dried, and the. 
solvent evaporated.
3
(i) - Preparation of (G - H) Toluene.
Toluene (0.2 ml), Adam’s catalyst (70 mg), and tritiated 
water (10 [+1; 50 Ci/ml) were heated under vacuum at 110°C for 3 days. 
The compound was worked up as usual.
3
(j) - Preparation of (2 - H) Cinnamic Acid.
3 27(2 - H) Cinnamic acid was prepared by Hofmann elimination.
N,N-Dimethylphenylalanine was prepared by stirring a solution of
phenylalanine in water containing aqueous formaldehyde and pulladized
charcoal in an atmosphere of hydrogen at ordinary pressure and 
28temperature.
3
4o
N,N-Dimethylphenylalanine (0.25 mmol) was treated with 
Mel (0.4 mmol) in alkaline HTO (0.5 ml, 307. NaOH (5 Ci/ml)) and kept 
at room temperature for 24 h, and 100°C for 2 h. After acidification 
of the reaction mixture, the a(3-unsaturated acid was extracted 
with ether, washed with water, and the ethereal solution was clarified 
over anhydrous sodium sulphate, and evaporated.
3
(k) - Preparation of ( H) Tetramethylsilane.
3 29lc^ - Preparation of (0 - H) Methanol.
Dry mesitylene (10 ml) was placed in a 10 ml round bottom 
flask and some was distilled out to dry apparatus. Pure sodium 
methoxide (500 mg) was added. After stirring for a few minutes, 
slightly less than the calculated amount of tritiated water (100 (11; 5 Ci/ml) 
was added and the tritiated methanol distilled out.
30k^ - Preparation of Lithiomethyltrimethylsilane.
In a 50 ml, three necked flask fitted with a mercury-sealed
stirrer, a dropping funnel, and a double surface condenser, there were
placed n-pentane (10 ml), lithium foil (280 mg) (preparation of thin
30 31lithium foil has been described in the literature). ’ After 
heating to reflux, chloromethyltrimethylsilane (1.25 g) was gradually 
added over a two hour period with vigorous stirring, giving a purple 
coloured solution. On refluxing for an additional 10 hours, reaction 
continued and the solution became deep purple in colour. The coloured 
material, however, settled to the bottom on standing overnight, leaving 
a water-white organic layer. The reaction mixture was then filtered 
through sintered glass to remove the precipitated lithium chloride 
along with unreacted lithium metal. The solvent was removed by vacuum 
distillation from filtrate to obtain a white solid product. Finally, 
the solid was sublimed at 100°C under a pressure of 10 ^mm (using 
diffusion pump) and so obtained as pure white crystals of lithiomethyl-
4l
trimethylsilane in the cooler parts of the sublimation apparatus: 
the solid was collected, m.p. = 112°C, yield 750 mg.
- Tritiated Tetramethylsilane.
Lithiomethyltrimethylsilane (70 mg) was placed in a
tube and the tube was capped. The reaction vessel was cooled
at 0° and a mixture of HTO (12 fll; 50 Ci/ml) and (0 - 2H) methanol
(35 {ll; 12 mCi/mmol) was added by refrigerated Hamilton syringe.
The reaction tube was left h hour in ice and water (50 |JLl) and
dilute hydrochloric acid (180 |il) was added and the mixture was
stirred at 0°C for 15 min. Deuteriochloroform (200 (H) was
added, and the lower phase was withdrawn and dried (Na2S0^). A
3portion of this solution of ( H) TMS in CDCl^ (100 (Jtl) was then 
sealed in nmr tubing (3 mm diam.). In another preparation, the 
( H) TMS from the lithio compound (70 mg) was extracted into d^-benzene 
(200 |X1), and the dried solution was transferred to nmr tubing as 
before.
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1 3H and H nmr line frequencies were measured on a selection
3
of partially tritiated compounds with different C - H ( H) bond
2 3hybridizations (SP, SP , SP ) under the same conditions. The ratio 
of the Larmor frequencies of the triton and the corresponding proton 
resonances, was then calculated for each pair of measurements.
The accurate Larmor ratio was determined from at least 
2 sets of measurements for each compound (i.e. normally 4 spectra 
were taken for each compound). Measurements of ^ t/ H  are listed 
in Table I.
To obtain the resonance frequency of the required proton 
signal for isobutyric acid the frequency of the middle line in the 
septet was selected. For isobutanol the frequency of the middle 
line in the multiplet was accurately measured. In the case of 
pentane-3-one the frequency of each line of the quartet was measured, 
and in turn the frequency was calculated for the mid-point of quartet. 
Other compounds showed a sharp single line for the needed proton 
signal.
Throughout the work for each compound the computer digitization
errors were also calculated, e.g. the error for isobutyric acid is
32obtained as follows:
Y  , A -\ j
%  -  B V a2 b2
where A is the basic triton pulse frequency in Hz, B is the basic 
proton pulse frequency in Hz ; a and b are the instrumental errors 
measuring these frequencies, respectively.
1.3. RESULTS.
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0) CO
DEPENDENCE OF T/ H UPON BOND HYBRIDIZATION.
TABLE I
Organic Compounds 
(position tritiated) Type
Observed relative 
line frequencies 
(Hz)3H then 1H
Digiti­
sation
error*
CO ,0) T/ H
Phenylacetylene (1) spi 9690
022
023
864.4336
708.1415 a 1.066639738
Methylbutynol (4) SP1 9690
022
023
738.0793
589.4654 a 1.066639740
Undec-10-ynoic acid 
(11)
SP1 9690
022
023
703.4950
557.7129 a 1.066639732
Benzene (G) sp2 • 96 90
022
023
810.2040
651.5171 a 1.066639783
Collidine (3,5) SP2 9690
022
023
360.3733
700.4497 a 1.066639784
Cinnamic acid (a) sp2 9690
023
023
155.5818
977.5227 a 1.066639780
Isobutyric acid (2) sp3 9690
022
023
470.7683
343.8505 b 1.066639681
Isobutanol (2) sp3 9690
022
023
416.4946
291.8419 a 1.066639694
Pentan-3-one (2,4) SP3 9690
022
023
458.6899
329.3736 a 1.066639718
Toluene (Me) sp3 9690
022
023
454.2996
325.1790 a 1.066639719
Collidine (2,6 Me) sp3 9690
022
023
449.4731
320.2392 a 1.066639724
Collidine (4 Me) sp3 9690
022
023
422.7497
295.3418 a 1.066639722
* The error is a = + 119 x -11 10 , b = + 173 x 10"11 Hz.
TABLE II.
Sample conditions for measuring absolute resonance frequencies.
Compound Concentration
(7o)
Solvent Field frequency 
lock
Phenylacetylene 65 d.-benzene6 internal
Phenylacetylene neat - external (D2G>
Me thyIbu tyno1 50 d,-DMSO6 internal
10-Undecynoic acid 50 d6-DMS0 internal
Benzene neat - external (d 2o)
Benzene 50- dc-benzene6 internal
Collidine neat - external (d 20)
Isobutanol neat - external (d 20)
Isobutyric acid neat - external <d 20>
Pentane-3-one 65 CC1,4 external (d 20)
Toluene neat - external (d 20)
Cinnamic acid 80 d.-acetone internal6
1 3  3Measurement of H and H frequencies on the methyl signal of (G - H)
Toluene using different deuterium locks.
TABLE III.
Concentration
(%)
Solvent Locking System W T
%
neat - external (d^-DMSO) 1.066639720
20 cdci3 internal 1.066639721
20 chci3 external (CDC13) 1.066639719
20 cdci3 external (d,-DMS0) 0 1.066639722
neat - external (D2°) 1.066639719
H spectrum 
Me3 a Si - CH2T
J  <-
1 ”
n i10
3
(Figure 2) ( H) Tetramethylsilane.
whence for VT/VH, the error is
.02 A  / (0.1. 
i.02 V (96.i
a= 96 147)2_______ + (0.073)2
90.0 V  .02)2 x 1012 (90.02)2 x 1012
•a /oc=A /30012.20 x 10"22 = 173 x 10”11
Hence
0)
= 1.066639679 + 173 x 10
H
The sample conditions under which the absolute resonance 
frequencies were measured are given in Table II.
Most of the samples were made neat and external D20 signal
was used for field frequency lock (strong signal). As the water
resonance position is very susceptible to temperature change, and
moisture (H/D exchange), this might mean that each measurement of
a pair on a given sample was not in fact made under identical
1 3conditions. Therefore sets of measurements for the H and H
3
frequencies were made on the methyl signal of (G - H) toluene with 
different external and internal deuterium locks to find out the 
reliability of the deuterium signal derived from external D^O for 
locking. The results are given in Table III.
To determine the precise ^ t/ h for tetramethylsilane, 
monotritiated TMS was prepared (as already described). The 
specific radioactivity was not measured for safety reasons. The
3
H spectrum in d^-benzene, however, revealed a very sharp singlet 
signal within a few hours of accumulation (Fig. 2). The ft spectrum 
on the same sample also showed a sharp singlet at 0.00 ppm (no ordinary 
TMS had been added to the sample).
kS
The values of ^ T/^H determined from 7 sets of accurate 
measurements in different deuterated solvents is given in Table IV.
TABLE IV.
Larmor frequency ratios for tritiated tetramethylsilane.
Solvent Locking
system
Observed line 
frequencies in Hz 
V T then VH
0)
T
cr~
H
d,-benzene 6 external (d2o) 96,022,097.006090,023,094.9590 1.066639730
d,-benzene6 internal 96,022,032.647990,022,928.1019 1.066639740
d.-benzene 6 internal 96,022,032.575090,022,928.1750 1.066639739
d^-benzene internal 96,022,032.2080
90,022,927.9554 1.066639737
cdci3 internal 96,022,031.7686
90,022,927.2227 1.066639740
cdci3 external 
(dg-DMSO)
96,022,492.2110
90,023,358.3660 1.066639747
cdci3 external <d2o > 96,022,032.2083
90,022,927.9554 1.066639737
The mean value of ^ T/WH for mono-tritiated TMS from the 7 sets
of measurements is 1.066639738 + 2 x 10-9
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1.4. DISCUSSION.•
3
From the time that H nmr spectroscopy was established and
reduced to a safe routine, an internal reference was sought which
1 3  7would provide equivalent H and H nmr signals. Tritiated water,
g
and a mixture of monotritiated methyl iodide and monotritiated methanol 
have been used as reference standards, and tritiated chloroform, and ethyl-
3
(1,2- H )triethoxysilane have been considered, but all suffer disadvantages. 
Fully tritiated TMS (CT3)^Si, was obviously impracticable for
radiological and safety reasons, but would anyhow be unacceptable
3
in admixture with ordinary TMS because of H isotope effects, estimated
33at ca - 0.12 ppm on the 5 scale. To obviate the various difficulties,
3 6the ghost referencing procedure for H nmr spectra was devised,
which lead to the further measurements of the ratio ^ T/^H, described
Y Yhere. In the procedure, the magnetogyric ratio ( T/'H) should strictly 
be employed but cannot directly be measured. The experimentally 
accessible Larmor frequency ratio should be however sufficient because
the ratio of the hydrogen isotopic nuclear screenings must be very close
9 1 3to unity. Nevertheless small discrepancies between H and H chemical
3 3shifts were observed. Thus, with (G - H) alkylbenzenes, the H alkyl
1
resonances were 0.01 - 0.03 ppm to high field of corresponding H
chemical shifts measured on the same sample, whilst the reverse held for
33the aryl resonances. Rather than just attribute such observations
0) (.0
to 'isotope effects', we measured T/ H as precisely as possible for a
3
series of tritiated compounds with different C-H( H) bond hybridization,
as listed in Table I. The values fall into three categories, for 
1 2  3SP , SP , and SP C-H bonds, and it clearly emerges that the Larmor
frequency ratio depends on the carbon-hydrogen bond hybridization.
CJ TEvidently the ratio of the isotopic screenings (— ) is not constant
CTH
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and varies detectably with bond type. The ratio of the Larmor
1 2frequencies in the SP and SP cases is almost constant within their
3
respective groups, whilst in the case of SP hybridized compounds
the ratio is lower and varies from 1.066639681 to 1.066639724.
3The variation in the ratio for SP hybridized compounds may result
from differences in hybridization of the atom to which the ’C-H* group
34is attached. It has also been noted for deuterated compounds that the 
magnitude of the isotope effect depends on the hybridization of the
carbon atom to which the isotope (deuterium) is bound. For carbon
3
atoms with tetrahedral (SP ) geometry the geminal isotope effect on 
1 -3H is 15 to 17 x 10 ppm per deuterium for a wide range of aliphatic 
and aromatic compounds.
In spite of the fact that the primary isotope effect for
35hydrogen nuclei is small and hardly measurable, we eventually
3 1encountered small discrepancies between H and H chemical shifts
(generally 0.1 ppm), resulting from multiple tritium substitution
at one site (primary isotope effect) or at vicinal sites, that is
33£. - 0.02 and -0.01 ppm per tritium, respectively. It has been 
36commented that such observations were puzzling in view of earlier
37theoretical studies on nuclear shielding in isotopomers of molecular
hydrogen which have demonstrated that such isotope shifts are substantial.
22However, this comment is mistaken, as the present and past observations
37show, and is not in fact supported by theory. Indeed, the calculated
3 37H primary isotope effect in the hydrogen molecule, has a magnitude
in line with our observation on organic compounds.
The magnetogyric ratio Y has a characteristic value for each
magnetically act.ive nucleus and is positive for parallel and negative
38for antiparallel vectors. The ratio Y is defined as(l/l.h, where (J. 
is the nuclear magnetic moment, I is the spin quantum number and h is 
Planks’ constant. The significance of this fundamental quantity y
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is that it determines the resonance frequency to (radians . S ft of
a magnetic nucleus in an applied magnetic field Bo
-Ii.e. that to =y Bo radians .S
or v = JY_ Hz
27T
where Bo is the value of the field at the nucleus. In practice, 
a nucleus, being part of a molecule, is shielded from the applied 
field by secondary magnetic fields arising from the motion of the 
electrons in the bonds and about the atoms. The nucleus therefore 
experiences a field Bo which differs from the actual applied field by 
the shielding or screening factor a . Thus Bo = B applied (1 - o) 
whence the condition for resonance of a given nucleus x in a sample
becomes V = Y_ B applied (1 - ax)
2 TE
Absolute measurement of any of the variables is very difficult, but 
measurement of ratios for nuclei in different sites or for isotopic 
nuclei in the same site is readily possible.
When the nuclear screening varies, the frequencies and so
1 2  3chemical shifts are altered. The substitution of H by H and H 
alters very slightly the electron distribution around the nucleus and 
consequently the nuclear shielding, and the local magnetic field is 
altered and therefore the frequency is shifted. In fact, the local 
magnetic field at a nucleus depends on a number of factors including 
bond hybridization and zero point energy of the nucleus. In other 
words, the shielding is to be correlated with bond hybridization and 
isotopic substitution.
3
Our findings concerning differential screening of the H
and ft isotopes raised problems in the choice of a best possible 
3
reference for H nmr spectroscopy. Any given choice would lead to 
its own characteristic set of ’isotope effects'. If any set were
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to be regarded as more fundamental than others, then it seemed that
the reference would have to be TMS (or DSS), Because most nmr
work would concern the triton as a nucleus at low abundance 
- 3(^10 7o isotopic abundance), partially tritiated TMS appeared best
3 1to constitute a fundamental dual H and H reference. Indeed,
tritiated TMS would provide an 'ideal* Larmor frequency ratio for
the ghost referencing procedure: actual use of the material routinely
would obviously be highly undesirable.
After the failure of simple exchange methods with both TMS 
and DSS, we prepared partially monotritiated TMS by the route shown 
as follows:
Li MeOTMe^Si-CH2~C1— » Me^Si-CH^ Lij^4 Me^Si-CI^T
3
From 7 sets of measurements on the ( H) TMS in CDCl^ and
d,-benzene (Table IV), the ratio of the Larmor frequencies wasb
-9determined as 1.066639738 + 2 x lo . This value is now being used
3
for the ghost referencing of H nmr spectra from ordinary internal
TMS or DSS. Fortunately the value is very close to the previously 
£
used mean value derived from an ordinary range of tritiated compounds. 
The value differs from the small range of values found for tritiated 
methyl groups in the compounds listed in Table I, but then the type 
of hybrid bond involved is not in fact the same: in TMS the methyl
group is attached to silicon.
The conditions under which nmr samples were prepared and then 
examined (Table II) show that most of the samples were prepared neat 
and external D20 signal (in the annular space) was used for field 
frequency locking (the electromagnet of the WH-90 is stabilized by the 
technique known as field frequency locking).
53
A deuterium signal from the sample solvent, or deuterated material 
in capillary or annulus in the sample, is brought to resonance at 
a fixed frequency (13.81 MHz for this instrument), the signal is 
detected in the dispersion mode, that is there is no output from 
the detector when the signal is on resonance, but a very rapidly 
increasing (or decreasing) output when the signal moves off resonance. 
This output is fed back into the magnet power supply to drive the 
field back, to its former position with the signal on resonance. 
Providing that the "lock" signal is sharp, this technique provides 
stability of field and frequency of better than 1 part in 107o. The 
deuterium frequency is locked to a 5 MHz master clock. The results
in Table III revealed that the ratio ^ T/^H for the methyl group signal
3
of (G - H) toluene obtained with external D^O locking agrees with
the values obtained with locking by alternative means. It is clear that
CO .tothe values of the ratio T/ H obtained on the samples with external 
D20 lock are quite reliable.
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2.1. INTRODUCTION.*
A geminal H,H coupling constant is defined as the
spin-spin interaction between protons attached to the same atom.'*'
2Various workers have shown that the magnitude of the J™, coupling
■— t i n
6 2constant can provide useful conformational information. Thus J„„
— t i n
values are of vital importance to the solution of structural problems.
Relative and absolute signs of coupling constants can now be measured
with near certainty and this information greatly increases both the
practical and theoretical significance of correlations between
2coupling constants and other molecular parameters. It is worth
mentioning that the advent of nmr spectrometers operating at ever
higher magnetic fields and better resolution, and the routine
utilization of computer techniques is making spin-spin coupling data
1 2more reliable and more easily available. However, Jrttt coupling—Tin
constants can not directly be measured if the protons are isochronous 
(magnetically equivalent, thus having the same chemical shifts). In
such cases, recourse has been made in the past to isotopic substitution
2 1 by deuterium, measurement of by direct observation in the H nmr
2spectrum, and calculation of JULI from the expression (1).
"“" T in
—HH = <^ HD  ^ x 6.5144 (1)
3 2Barfield et al, measured the coupling constant for the—Tin
4 5methylene group of phenylacetonitrile in this way, whilst Fraser et al ’
by using benzyl methyl sulphoxide and its OL-deuterio derivative 
2 2measured both J and J _  directly, and found that the second—hri
observation differed significantly from that directly observed.
Bothner-By et al, have considered several halomethyl compounds of the
2
kind C^H^ - CO - (X = 61, Br) and calculated by measuring
2Jur. and multiplying by the arbitrary value 6.755. Other workers who — tiU w
58
have used deuterium substitution for the calculation of JU1J include
- ~ n n
7 8Gutowsky et al in 1959 and Macdonald et al in 1964 for a series of
ketones.
2
2
J coupling constants calculated from the expression (1) — riri
9
are inherently inaccurate (or subject to relatively large error).
A superior approach adopted by Elvidge et al^ involves the use of
2tritium substitution, measurement of J coupling constants by direct—rl 1
3 2observation from the H nmr spectra, and calculation of JT.rT values—nrl
by means of equation (2).
ftiH = -HT  ^ ftfT ^i7o6664') ^
Coupling constants so calculated have a higher precision than those 
obtained through use of deuterium, so the method is to be preferred.
The present chapter is concerned with an extension of this
approach. A series of compounds have been tritiated in specific
-HT
2positions and the J coupling constants determined.
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2.2. EXPERIMENTAL.
2.2.1. Preparation and purification of organic compounds.
QC-Bromoacetophenone was prepared by bromination of
acetophenone in glacial acetic acid, and the pure compound was
11obtained after 3 recrystallisations from hot ethanol. 
a-Chloroacetophenone and benzyl methyl sulphoxide were available 
and were purified by recrystallisation. The melting points 
(57 and 127°C) were the same as the literature values.12 
Phenylacetonitrile and ethylbenzene were purified by fractional 
distillation.
2.2.2. Isotopic labelling.
3
(a) - Preparation of (OC- H) OC-chloroacetophenone.
OC-Chloroacetophenone (25 mg) was dissolved in dioxan (0.4 ml), 
and sodium carbonate (25 mg) and tritiated water (30 (0,1; 5 Ci/ml) 
were added. The reaction mixture was heated at 60°C for 24 hours, 
the mixture was extracted with ether and the extract was dried over 
(Na2S0^). Removal of the solvent gave the tritiated product.
3
(b) - Preparation of (oc- H) a-bromoacetophenone.
OC-Bromoacetophenone (25 mg) was treated with dioxan (0.4 ml), 
tritiated water (10 (0.1; 50 Ci/ml), and sodium carbonate (25 mg).
The reaction mixture was left at room temperature for 18 hours, and 
then extracted with ether. The ether extract was dried (Na2S0^).
Finally the solvent was evaporated off in an atmosphere of nitrogen.
3
(c)- Preparation of (methylene - H) benzyl methyl sulphoxide.
Benzyl methyl sulphoxide (25 mg), was mixed with dioxan (0.4 ml), 
tritiated water (10 (0,1; 50 Ci/ml), and sodium hydroxide (h pellet).
After leaving for 24 hours at room temperature, the tritiated compound 
was extracted with ether and the mixture was worked up as in (b).
3
(d) - Preparation of (methylene - H) phenylacetonitrile.
To phenylacetonitrile (0.15 ml) was added dioxan (0.3 ml), 
tritiated water (30 p, 1; 5 Ci/ml), and anhydrous sodium carbonate 
(25 mg). After 24 hours at 60°C, the mixture was worked up as 
above and the tritiated product isolated.
3
(e) - Preparation of (G - H) ethylbenzene.
Ethylbenzene (0.1 ml) was mixed with Raney Nickel (0.2 g;
13prepared from Raney nickel aluminium alloy) and tritiated water 
(10 (j,l; 50 Ci/ml). The sample tube was frozen in liquid nitrogen 
and sealed. After 2 days at room temperature, the upper layer was 
withdrawn through a filter pad, and dried (Na2S0^).
2.2.3. Nmr sample preparation.
W 3107o ( /v) Samples of (oc- H) oc-chloroacetophenone and
3
(oc- H) OC-bromoacetophenone were dissolved in both n-propylbenzene
and d^-acetone containing a trace of tetramethylsilance (TMS).
W 3A 107o ( /v) sample of (methylene- H) benzyl methyl sulphoxide was
3
prepared in d^-acetone. 100 p, 1 Neat liquid samples of (methylene- H)
3
phenylacetonitrile and (G - H) ethylbenzene were also prepared. All 
samples were degassed on the vacuum line, cooled in liquid nitrogen 
and sealed in precision cylindrical microcells, which were then inserted 
in standard nmr tubes (5 mm).
1 32.2.4. Conditions for recording H and H spectra.
1 3H and H Nmr spectra were recorded as follows:
A display spectral width of 21.31 Hz.Cm 1 was used for the triton
spectra and 20.00 Hz.Cm 1 for proton spectra so that the ppm scales
3
were identical. H FIDS were acquired during 13.7 s delays, without 
broad-band decoupling. The pulse width was 8 p, s (c. 90°) and 8K 
data points were used for acquiring the FIDS. ^H FIDS were acquired
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during 13.7 s delays between 1 jj,s (£. 10°) pulses. Characteristically
3
some 4000 FIDS were accumulated in the H experiments before Fourier 
transformation.
3
2.2.5. Operating procedure for referencing H nmr spectra.
As a result of the foregoing work, an operating procedure
3
has been developed for examining H nmr spectra with the Bruker
WH-90 spectrometer using ordinary internal TMS or DSS to generate a
triton reference. The sample is placed in the probe, the proton 
spectrum is examined, as described earlier, except that the offset 
frequency of the reference is always printed out, before shifting 
the reference to the correct chart graticule position. The 
frequency, say 3349.6 Hz, for TMS in d^-DMSO (field-frequency locked 
to the CD^ deuterium resonance) is added to the basic proton pulse 
frequency of 90,020,000.0 Hz to give an indicated Larmor frequency of
90,023,349.6 Hz. This figure is multiplied by 1.06663975, giving 
96,022,483.1 Hz as the indicated Larmor frequency of the hypothetical 
tritiated reference signal, under the same conditions.
As soon as conveniently possible, the triton spectrum of the 
same sample is examined, with the same lock, and the triton pulse offset 
frequency, say 3650.0 Hz is assigned to address 1 of the display (the
point at which the pulse begins). The reference offset frequency
(say 96,022,483.1 Hz minus the "basic triton pulse frequency", 
96,020,000.0 Hz) is calculated and the curser is moved up the display 
until striking "FI" indicates that a particular address gives the nearest 
available frequency value to this figure. Once the "ghost reference" 
position has been established, it is shifted into alignment with the 
appropriate ordinate of the chart graticule, as for proton spectra, and 
the method is then identical with that for protons.
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Our data for the observed and calculated geminal coupling
constants of a series of organic compounds (partially tritiated)
in their methylene groups are listed in Table I, along with values
2previously calculated from measurements by other workers.
Each value has been obtained from at least two sets of measurements
3
on the tritiated compounds. coupling constants in addition
2 1 3to Juu constants have been calculated from the H coupled H—Tiii
3
spectrum of (G - H) ethylbenzene (Figure 6). The figure shows the
methyl (high field) and methylene signals, respectively, as a
triplet of triplets and a doublet of quartets, which arise from
the geminal and the vicinal proton-triton coupling in the species
2Ph-CH„-GH0T and Ph-CHT-GH0 present in the sample. The Juu and
L L J ~riri
J coupling constants were obtained as follows:
— tin
2 . 3 .  RESULTS.
3
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Observed Line frequencies for the 
methylene group in Hz
Observed Line frequencies for the 
methyl group in Hz
2485.7346
2477.6743
2469.7614
2462.9472
2454.8141
2446.6809
1 = 
2 =
3 =
4 =
5 =
6 *
7 =
8 = 
9 =
2356.9966
2349.0833
2343.3681
2341.0234
2335.3814
2329.8126
2327.3949
2321.7530
2313.7664
zJTTm for the methylene group in Hz —ti i
1 - 3 = 15.97
2 - 4 = 14.73
3 - 5 = 14.95
4 - 6 = 16.27
15.48 + 0.07
irn 14*51
“Jurn for the methyl group in Hz — n 1
2 - 5 = 13.70 
5 - 8 = 13.63 
1 - 3 = 13.63
3 - 6 = 13.56 
7 - 9 = 13.63
13.63 + 0.07
HH ' 12-78
JTTm for the methylene group in Hz •""til ’ Jurn for the methyl group in Hz—TI I
1 - 2 - 8.06 1 - 2 = 7.91
2 - 3 = 7.91 2 - 4 8.06
3 - 4 = 6.81 3 - 5 = 7.97
4 - 5 =
co•CO 5 - 7 =s 7.99
5 - 6 = 8.13 6 - 8 = 8.06
7.80 + 0.07 8 - 9 = 7.99
7.99 + 0.07
4 h = 7*31 —HH 7,49
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2 3All value's were averaged for the J_ and coupling
constants and the mean value was divided by 1.06664 (the Larmor
2 3frequency ratio) in order to obtain J and for the methyl and
methylene groups of ethylbenzene.
3 3Figure 5 shows the H nmr signals from (methylene - H)
benzyl methyl sulphoxide, comprising two equal doublets. These
arise from the geminal proton-triton coupling to the two enantiotropic
tritons in the chiral species Ph-CHT~SO-Me and Ph-CTH-SO-Me which
are present in trace (equal) quantities in the bulk unlabelled
-HH
2
benzyl methyl sulphoxide. The J coupling constants were obtained
as follows:
Coupled line frequencies for the - CHT - group in Hz
1 = 2.923.9730 3 = 2910.4910
2 = 2913.7150 4 = 2900.2330
2 2for the (- CHT -) group in Hz. for the (- CTH -) group in Hz
1 - 3 = 13.48 + 0.04 2 - 4 = 13.48 + 0.04
2Jhh = 12.64 Hz 2Jhh = 12.64 Hz
1Figure 1 shows the H nmr spectrum of CX-bromoacetophenone 
1 3along with its H coupled H spectrum. CX-Bromoacetophenone had 6 
(CDCl^) 7.98 (dd, ortho ring Hs), 7.54 (m, meta and para ring Hs),
4.46 (s, CH2).
Figure 2 gives the ^H nmr spectrum of a-chloroacetophenone 
1 3and its H coupled H spectrum. a-Chloroacetophenone had&(CDCl3)
7.93 (dd, ortho ring Hs), 7.48 (m, meta and para ring Hs), 4.71 (s, CH2)
Figure 3 shows the H^ nmr spectrum of phenyl acetonitrile
3
and its proton coupled H spectrum. Phenylacetonitrile had 5 (Neat, 
Ext. D20) 7.18 (s, Ph), 3.42 (s, CH2).
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Figure 4 gives the H nmr spectrum of ethylbenzene and 
3
its proton coupled H spectrum. Ethylbenzene had & (Neat, Ext. D20),
7.06 (m, Ph), 2.46 (q, J 7.61, City), 1.09 (t, J 7.60, City).
Figure 5 as mentioned previously (Page£y) illustrates
3
nmr spectrum of benzyl methyl sulphoxide and its proton coupled H 
spectrum. Benzyl methyl sulphoxide had 6 (d^-acetone) 7.35 (s, Ph),
4.06 (d, 2J = 12.75 Hz, a-H of CtyHg), 3.95 (d, 2J = 12.75 Hz, 3 -H
of GHaH^), 2.45 (s, - Cty).
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(Figure 1) a - Bromoacetophenone.
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O 5
'H spectrum
J
J
~r
11 “T10 0 6
(Figure 2) a-Chloroacetophenone.
1
H spectrum
- J i
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11 10 9 8 7 6 5 4 3 2 1 0
(Figure 3) Phenylacetonitrile.
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1 o
H spectrum (a superposition of the H coupled H spectra 
from the species Hi.CHT.CH3 and fti.CH2 .CH2T).
H spectrum
(Figure 4) Ethylbenzene.
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"H spectrum
i i J l i i . L i
11 "Iio
(Figure 5) Benzyl methyl sulphoxide.
7 2
1 3Explanation of observed H coupled H spectrum of ethylbenzene.
Ph-CH2-CH2T
Ph-CHT-CH^
Figure 6 ,
73
Deuterium substitution has been applied by various workers 
2
in order to measure JITII coupling constants for protons which are
—Tin.
isochronous. There should be a small but detectable difference in
the coupling constants for City and CHD groups because of the isotopic
14 2difference in vibrational amplitude. Values are calculated
“■fin
2
by measurement of and application of the theoretical
relationship (1). Disadvantages of this method are that the measured
2 2 quantity is small, the lines may be broadened because H is a—tiu
quadrupolar nucleus (I = 1), so that additional uncertainty in measure­
ment is introduced, and in any case the multiplying Larmor ratio (^H/Y D = 
6.5144) is relatively large which magnifies the inherent errors. The 
recent use of this rather unsatisfactory approach by Bothner-By et al^ 
encouraged us to stress its disadvantages, although they were evidently 
unaware of a possible better approach. It seems unfortunate that a 
quite arbitrary value of 6.755 for the ratio of the magnetogyric ratios 
O'hAd) should have been used by these authors. This value was chose.n 
from Frasers results, to eliminate the ’isotope effect’, but there - 
remains no theoretical basis for such manipulation of the magnetogyric 
ratio.
The alternative approach which we have adopted, namely to use
2 3a partially tritiated derivative, measure Jur71 from the H nmr—ri i
spectrum (see figures 1 to 6), and then employ the relationship (2)
is clearly superior. Advantages are that the measured quantity is
3
similar in magnitude to that required, the lines are sharp ( H has a
spin I = h ) , and the multiplying factor is near to unity (1.06664).
Our results listed in Table I clearly show that in each case by using
tritium substitution, we have been able to measure more accurate values 
2
for coupling constants.
—Hri
2.4. DISCUSSION.
7 4
When methylene protons are non-isochronous as when they 
2
are prochiral, the coupling constant may of course be measured
directly. Thus for benzyl methyl sulphoxide partially tritiated
in the methylene group, we have measured the coupling constants
2 2 2 JTTTT and JTTni on the same sample (Figure 5). The value of ( >!„„),
—*HH —ri I —tin
2
calculated by (2) from the observed coupling constant is 0.11 Hz
2
less than the value of ( Juu) measured direct. This evident primary
—tin
isotope effect on the geminal coupling has an intrinsically greater
Zj.
reliability than the value of 0.46 Hz claimed by Fraser et al for
2 2 the corresponding H isotope effect, on the basis of observed
— ti-L)
2
and thence calculation of J,TU using the expression (1). The value
—tin
2
of the coupling constant was measured directly and also calculated
—tin
indirectly from for benzyl methyl sulphoxide at 45°C in order to
find out the effect of higher temperature on the magnitude of the
geminal coupling constant. Values of 12.82 Hz from direct observation
2 2 and 12.78. Hz (from the Jr™) were obtained for Juu respectively.
—“n 1 —■*nrl
The differences between the 2JUU values at 25°C reduce from 0.11 Hz to—nri
0.04 Hz at 45°C from two sets of measurements. This would seem to 
indicate that the isotope effect is lower at the higher temperature, 
but more detailed experiments would be required to substantiate this.
As a result of this work, the use of tritium substitution
rather than the corresponding deuterium substitution is clearly
profitable in the determination of otherwise inaccessible proton-proton
coupling constants. In addition, it is clear that caution has to be
2
taken in interpreting apparent H isotope effects.
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In recent years increasingly stringent legislation
has been imposed on the introduction and controlled use of new
drugs. It is usually necessary, for example, to establish not
only toxicological properties and efficacy of drugs but also to
establish detailed pharmacokinetic data before they can be released
for routine use. The labelling of drugs with radioisotopes has
enabled such data to be obtained efficiently and economically.
Radio-tracer compounds are currently in widespread use and, indeed,
1
are indispensable tools for pharmacological research.
Prior to labelling the choice of isotope and the site(s)
to be labelled are important considerations. Many of the studies
in pharmacology which utilise radiotracers involve compounds 
14 3labelled with C or with H. In recent years the importance of
knowing the specificity of labelling in tracer compounds has become
2more widely recognised. In studies of drug metabolism it is
especially important to know the position of labelled atoms in the
tracer molecules, even though much of the drug may be excreted
14unchanged. This requirement has favoured the use of G as the
radioisotope of choice for such investigations, because of the
uncertainty and until recently, the difficulty of establishing the
2 3pattern of labelling in tritium compounds. 9 However, carbon 
13 14isotopes ( C and C) are relatively expensive and their incorporation
requires special synthesis which can be most demanding in terms of
skill and time. Tritium has special properties and offers unique
opportunities as a tracer not only as an ancillary label for
carbon but also as a sensitive and selective probe for hydrogen in
2 3
biological research. Hydrogen labelling ( H and H) can readily 
be achieved by exchange or addition procedures, and total costs are low.
3 . 1 . INTRODUCTION.
7 8
In addition, as previously mentioned tritium is an ideal nucleus
for magnetic resonance examinations (see page 6 ). Consequently
3
the development of H nmr spectroscopy over the last decade as
a safe and rapid technique has materially altered the situation, as
for instance in biological hydrogen transfer reactions where the
5-7stereospecificity of labelling becomes important. With its power
to delineate precisely and directly the pattern of labelling even at 
relatively low levels of incorporated radioactivity, the nmr method 
makes the use of generally tritiated compounds most attractive.
Considerable knowledge of the effectiveness of different
g
catalysts for hydrogen exchange has been accumulated. As a part
3 9of previous catalytic and H nmr studies we have found platinum, 
freshly prepared by reduction of the oxide, to be a most effective 
catalyst for introducing tritium from tritiated water into aryl ring- 
positions. It seemed logical to extend these investigations to a 
series of drugs based upon aromatic structures.
The present study underlines the usefulness of one-step
catalytic procedures for preparing tritiated drugs, especially when
3
used in conjunction with H nmr spectroscopy. Tritium labelling of 
a series of drugs, widely used in biochemical and pharmacological 
research and the extent and position(s) of tritium incorporation 
have been investigated.
3.2.1. Materials.
Tritiated water (50 Ci/ml) was supplied by The 
Radiochemical Centre, Amersham, Phenobarbitone by May and Baker Ltd., 
amphetamine sulphate by Smith Kline and French Laboratories Ltd., 
imipramine hydrochloride by Geigy Pharmaceuticals, propoxyphene 
hydrochloride by Lilly Research Centre Ltd., diphenylhydantoin 
sodium salt, by Park Davis and Company, and propranolol hydrochloride 
by The Radiochemical Centre, Amersham.
3.2.2. Nmr analysis.
For nmr analysis the tritiated drugs (5-15 mCi) were
dissolved in a deuteriated solvent, a trace of tetramethylsilane (TMS)
3 1was added, and the H and H spectra were recorded on the same sample 
at 96 and 90 MHz, respectively (the former with H-decoupling), 
employing a Brucker WH90 Fourier transform spectrometer equipped with 
quadrature detection and disc storage.
3.2.3. Tritiation of drugs.
3(a) Preparation of ( G - H) Propranolol,
A mixture of propranolol hydrochloride (20 mg), with 
tritiated water (10 (il; 50 Ci/ml), glacial acetic acid (100 (ll), and 
pre-reduced Pt02 (35 mg) in an evacuated sealed tube was kept at 85°C 
for 3 days. To remove labile tritium from the product, it was treated 
with a mixture of acetone and water, and then filtered and freeze-dried. 
Purification of the product as the base by preparative thin layer 
chromatography (t.l.c.) on silica gel [ ethylacetate-ethanol (60:40)] 
gave generally tritiated propranolol.
3
(b) Preparation of (G - H) EthoxynaphthaLene.
A mixture of ethoxynaphthalene (0.2 ml, prepared from diethyl
7 9
3.2. EXPERIMENTAL.
sulphate and the sodium salt of a-naphthol),^  with tritiated water 
(10 [II; 50 Ci/ml), glacial acetic acid (100 jil), and pre-reduced 
PtCty (35 mg) in a sealed tube was kept at 85°C for 3 days. The 
tube was opened and the mixture was filtered off, treated with acetone 
and the solvent evaporated.
3
(c) Preparation of (G - H) Phenobarbitone.
Phenobarbitone (20 mg), dioxane (100 [il), PtCty (35 mg), 
and tritiated water (10 [il; 50 Ci/ml) were mixed and kept in a 
sealed tube at 85°C for 2.5 days. The compound was then extracted 
by a mixture of acetone and ethanol, filtered and lyophilised.
The labelled drug was purified by preparative t.l.c. [ Chloroform- 
ethylacetate-anhydrous ethanol (8 :1 :1 )].
3
(d) Preparation of (G - H) Diphenylhydantoin.
5 ,5-Diphenylhydantoin (20 mg), dioxane (100 [il), PtO^ (35 mg) 
and HT0 (10 p, 1; 50 Ci/ml) were kept in a sealed tube at 85°C for 2 days.
The product was worked up with a mixture of acetone and ethanol, filtered
and the solvent lyophilised. Purification was carried out by
preparative t.l.c. [acetone-chloroform (3:7)].
3
(e) Preparation of (G - H) Amphetamine.
A mixture of amphetamine sulphate (20 mg), glacial acetic 
acid (100 [II), platinum oxide (30 mg) and HT0 (10 [il; 50 Ci/ml) was 
mixed and heated at 85°C for 3 days. The compound was then worked up 
with a mixture of acetone and water, and the solvent was removed by 
lyophilisation. The product was separated as pure white crystals.
3
(f) Preparation of (G - H) Propoxyphene.
Propoxyphene hydrochloride (20 mg), glacial acetic acid (80 }ll), 
PKty (35 mg), tritiated water (10 jil; 50 Ci/ml) were treated at 60°C 
for 2.5 days. The compound was then worked up as in (e). The
8o
8 1
recovered compound was recrystallized from aqueous ethanol.
3
(g) Preparation of (G - H) Imipramine.
1. Heterogeneous catalytic procedure.
Imipramine hydrochloride (20 mg), glacial acetic acid (120 |aD, 
Pt02 (35 mg), and tritiated water (10 jj, 1; 50 Ci/ml) were mixed and 
kept at 85°C for 3 days. The compound was worked up and recrystallized 
from acetone.
2. Acid-catalysed procedure.
Imipramine hydrochloride (25 mg) was dissolved in 
heptafluorobutyric acid (HFBA) (0.5 ml) and HTO (10 jj,1; 50 Ci/ml) 
was added and the mixture (in a small tube) heated at 105°C for 6 
days. For work up, the cooled reaction mixture was transferred into 
a container and extracted with ether. The ether was dried, evaporated
under reduced pressure and the residue was cooled in liquid nitrogen,
and pumped hard to leave the exchanged substrate.
3.2.4. Measurement of Specific Radioactivity.
The specific radioactivity of each drug was calculated ' 
as follows:
A known amount of labelled drug (2 mg) was dissolved in 10 ml of 
chloroform and from this solution 5 p,l was taken and added to 5 
ml of scintillator (PPO, NE-250, etc.). The sample was then 
counted using the liquid scintillation counter and the radio­
activity calculated (in mCi/mmol) using the following equation - 
Specific activity (mCi/mmol) « x — ft: x ^ J q 7 x ~
Where CPM is the number of counts per minute,
R* is the quenching ratio (scintillator), E** is the counting
efficiency, is the number of moles.
* R for PPO (2,5 diphenyl oxasole) in toluene is 0.4 - 0.65 when
82
the material is discoloured (for coloured samples it can be as low 
as 0.1), for NE-250 it is (0.7 - 0.9).
** E is normally 0.55 for tritium (checked by a standard tritium 
sample each three months).
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The results (Figures 1-7, and Tables I and II) show that 
the Pt-exchange procedure can lead to satisfactory incorporation of 
tritium at 'stable* aromatic positions. For imipramine where 
incorporation of tritium was low, an alternative acid catalysed 
procedure11 was found to be satisfactory.
The drugs chosen (1-7) have widely different uses.
Propranolol (1) is an adrenergic 6 -receptor blocking agent, 
Phenobarbitone (2) has anticonvulsant, hypnotic and sedative properties, 
diphenylhydantoin (3) is widely used in the treatment of epilepsy, 
amphetamine (4) is a stimulant for the central nervous system (CNS), 
imipramine (5) possesses anti-depressant activity and propoxyphene (6) 
is a widely used analgesic.
1 3Figures 1 to 7 show H and H spectra of the drugs. The
3H signals in each case have been assigned from the corresponding 
1 3H spectrum. H incorporation and distribution data are given in 
Table II.
3.3. • RESULTS.
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TABLE I . Specific Activities (mCi/mmole) of the Tritiated Drugs. 
Compound.
Propranolol
Phenobarbi tone
Structure. Specific activity, 
(mCi/mmole)
1.
O
I!
H
\ N \
c h 2c h 3
C 6H 5
H
150
80
2 .
D i phenylhydan to in
C c H 
/  6
1 ^ 6 H
i i
CH
I I
0
3.
180
Amphetamine O chT “ 3
N H 2 (H2S 0 4 ) j.
125
4.
TABLE I. (Continued)
Compound.
Imipramine
85
Structure.
9 10 11
c h 2c h 2c h 2n ( c h 3 ) 2
5.
O C O C H 2C H 3
Propoxyphene
I-E thoxynaph tha1ene
Specific activity. 
(mCi/mmoIe)
70a , 2iOb
120
7.
a - Heterogeneous catalytic procedure, 
b - Acid catalysed procedure.
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TABLE II. Pattern of Labelling and Relative Incorporation (7<>) 
in the Tritiated Drugs.
Drug. Chemical Shift. Position(s) Relative
(nmr solvent)_________5 (ppm)_______________ labelled__________ incorporation (7o)
Propranolol (1) 7.54 (7.56)+ 4 13 (8)
(d6-DMSO) 7.50 (7.49) 6, 7 46 (42)
7.43 (7.44) 3 10 (13)
6.97 (6.86) 2 31 (37)
Phenobarbitone (2) 7.43 Aroma tic-meta 60
(c d c i 3) 7.37 " -para 40
Diphenylhydantoin 7.43 Aromatic-meta 61
(d6-DMSO) 1i; 7.38 H -para 39
Amphetamine (4) 7.40 Aroma tic-meta 56
(d20) 7.33 n -para 33
2. 86 CH2 8
1.24 ch3 3
Imipramine (5) 7.48 4, 6 45
(cf3cood) 7.28 1, 2, 3, 7, 8 , 9 55
Propoxyphene (6) 7.40 Aromatic 100
(d2o) 7.34
j- Values in brackets refer to 1-ethoxynaphthalene
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H Spectrum
3
3
Figure 1. (G - H) Propranolol hydrochloride.
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H Spectrum
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Figure 3. (G - H) Phenylhydantoin sodium salt.
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3Figure 4. (G - H) Amphetamine Sulphate.
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H Spectrum 
( H decoupled)
3
Figure 6. (G - H) Propoxyphene hydrochloride.
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H Spectrum 
(ft decoupled)
3
1
H Spectrum
3Figure 7. (G - H) Ethoxynaphthalene.
9 4
Biological studies of drugs are facilitated by the use
3
of the isotopically labelled forms. H Nmr spectroscopy has
3
previously been applied to the assignment of H signals of generally
12labelled Vinblastine (which is used for the treatment of certain cancers),
3 3 13 14 13 16H analyses of (G - H) amino acids, ’ and multilabelled steroids. ’
Data obtained in the present work from the proton decoupled
3
H nmr spectrum of propranolol (1) (Figure 1) shows that only the
naphthalene ring is labelled. The line at 8 7.54 could at once be
17assigned to the 4-position because in a separate study this was
3
found to be the chemical shift of the tritium in (4 - H) propranolol 
which had been specifically labelled by tritiodehalogenation. To 
assign positions to the other three signals, 1-ethoxynaphthalene (7) 
was taken as a model compound for propranolol itself. The pattern
of labelling (Table II) is very similar and on the basis of the
1 18aspectrum (Figure 7) and of the H spectra (in CDCty) of 1-ethoxy- and
18b
l-methoxy naphthalene it can be seen that positions 5 and 8 are not 
labelled, probably as a result of steric hindrance. It also seems 
likely that the chemical shifts for positions 6 and 7 are the same.
The upfield signal at 8 6. 86 can be assigned to position 2. Of 
positions 3 and 4, the latter is deshielded by the ring current effect 
more than position 3. Therefore, it is shifted downfield and as 
previously mentioned can be regarded as the signal at 7.56 ppm and 
then position 3 is observed at higher field ( 8 7.44 ppm). Consequently 
from the signal intensities, the tritium distribution in propranolol 
can be calculated (Table II).
The results for phenobarbitone (2) and diphenylhydantoin (3)
3 1are very similar to one another - each H spectrum (with H decoupling)
consists simply of two signals which can be identified with the meta
3.4. DISCUSSION.
and para-positions of the benzene ring; no labelling of the ortho­
positions occurs. Chemical shifts for tritium in the ortho, meta
3 13and para positions in (G - H) phenylalanine and specifically
19
labelled toluene have been determined. The order of shifts in 
both cases have been reported to be meta^>para> ortho. The results 
for amphetamine (4) are different from all other drugs investigated in 
that small but significant amounts of tritium are incorporated into 
the aliphatic part of the molecule. It is probable that with a 
reduced reaction time labelling would be confined to the benzene ring. 
Steric hindrance evidently ensures that there is no labelling of the 
ortho-positions.
Tritium incorporation into imipramine (5) was confined to the 
aromatic rings but was so much less than for the other drugs that
1alternative methods of labelling were sought. Hanzlik and co-workers 
have recently advocated heptafluorobutyric acid as a solvent/reagent 
system for carrying out the desired tritium exchange reactions directly 
under acidic conditions without metal catalysts. This acid appears to 
offer a number of advantageous properties including relatively high 
acidity, excellent solvent properties, a high boiling point combined 
with great thermal stability, ready commercial availability, and the 
presence of only a single exchangeable proton per molecule. Indeed, 
heptafluorobutyric acid gave very satisfactory results with imipramine 
(Figure 5). Comparison with the spectrum shows that the tritium 
was confined to the aromatic positions. In view of the identity of 
the chemical shifts for the meta and para-positions only the total 
tritium incorporation at these positions could be obtained directly.
It is interesting to note that steric hindrance at the ortho-positions 
seems to be less important than in some of the other compounds studied 
in the present work.
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The final example, propoxyphene (6), is labelled at both 
meta and para-positions of the aromatic ring; as the ft signals from 
both rings are superimposed it is not possible to say whether one ring 
has been labelled at the expense of the other.
Although catalytic methods are usually thought of as a
way of preparing generally labelled compounds it is clear that by
suitable choice of catalyst and optimisation of experimental conditions
a remarkable degree of specificity can be achieved. Similar studies
using some of the newly developed catalytic methods e.g. microwave
20discharge activation should be equally rewarding as the pattern
of labelling could provide information of mechanistic importance.
21 22Procedures using tritium gas ’ are particularly attractive as 
high specific activities are readily attainable.
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«-(3 -Unsaturated acids, including conjugated dienoic acids,
bearing a tritium label on the OC-carbon, were required for other
studies (discussed in Chapter I). We therefore examined possible
methods for specific incorporation of the isotope, trying deuterium
labelling in initial experiments. These investigations led to
the finding of a new method of labelling for theCX-position of
cx(3.unsaturated acids by tritium and deuterium, and threw light on
the mechanism of the labelling: unexpectedly the conjugated dienoic
3
acids became labelled at both oc and y positions, as shown by H nmr 
spectroscopy.
Knowledge of hydrogen-deuterium exchange has importance not 
only for synthetic purposes but also for studies of reactions such 
as oxidations, reductions, rearrangements, isomerisation, substitutions 
which are closely related to the exchange reactivity of hydrogens. 1
The early literature of deuterium chemistry contains a number
of reports on the exchange behaviour of carboxylic acids: in 1940
2Ives et al found that the cx -hydrogen of pent-3-enoic acid
(CH^-CH^CH-CI^-CC^H) undergoes rapid base-catalysed exchange. This
was expected on the grounds of its similarity to vinylacetic and
3
phenylacetic acids. Bok et al in 1939 reported similar studies.
Recently there has been renewed interest in lability of the CX-.protons
4of carboxylic acids. Greger in 1967 reported the metalation of
aliphatic carboxylic acids such as isobutyric acid with lithium at the
5
(X-position. Bottini et al in 1965, measured the ratio of deuteroxide- 
catalysed exchange of D^O with a series of methylenecyclopropane 
carboxylic acids by means of nmr spectroscopy. An attempt has also 
been made to compare the reactivity of cx-hydrogens of carboxylic acids
and show that these hydrogens are much less reactive than those adjacent
1 6a
to the carbonyl groups in ketones. Atkinson and co-workers labelled
4.1. INTRODUCTION.
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the a-position of various acetic acids by heating the alkali metal 
salts in alkaline deuterium oxide. They extended this convenient 
method to the labelling of allylic positions inaB-unsaturated acids 
and indicated that senecioic acid [(CtytyC = CH.CCtyH] underwent 
exchange labelling also at the a-position.
In the present work the deuterium exchange labelling of 
a B  -unsaturated acids such as cinnamic acid in theOC-position under 
Atkinson’s condition was not achieved. Therefore attention was 
turned to synthetic methods and consideration was given to the 
condensation of aldehydes with the active methylene group of malonic
acid in the presence of a base and labelled water (Knoevenagel condensation).
6b
Knoevenagel found that condensation between aldehydes and malonic acid 
are effectively catalysed by ammonia and primary and secondary amines 
in alcoholic solutions y to give enedioic acids as primary products; 
of the organic amines piperidine was regarded as the best catalyst.
The Doebner condensation (or reaction) is a slight modification of the 
Knoevenagel reaction, and consists in warming a solution of aldehyde 
and malonic acid in pyridine on a steam bath for a few hours. The 
modification is very convenient, gives excellent results, and is 
particularly useful when the Perkin reaction gives poor yields,^
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4.2.1. Equipment.
Proton and triton nmr spectra were obtained, the latter
8 9
with proton-spin decoupling, as previously described by means of
a Bruker WH 90 pulse spectrometer operating at 90 and 96 MHz (nominal),
respectively, with deuteriated solvents, and tetramethylsilane as
internal standard. Tritiated samples were counted with a Beckman LS
100 liquid scintillation counter by using NE-250 liquid scintillator
(Nuclear Enterprises Ltd.). Molecular ions (of deuteriated products)
were measured with an A.E.I. MS 12 mass spectrometer.
4.2.2. Preparation of Tritiated and Deuteriated Compounds.
2
( OO- H) Cinnamic Acid - (a) Benzaldehyde (2g),
2
malonic (0 0 H^) acid (2g; 787. incorporation; made by exchange in 
D^O), and pyridine (2 ml) were heated together on the steam bath for 
4 hours. Dilution with water (20 ml), acidification (HC1), and
2
recrystallization of the precipitate from aqueous ethanol gave (a- H) 
trans-cinnamic acid (2.6 g), m.p. 130-131°C.
(b) BenzylidenemaIonic acid"^ (4 g) was kept with deuterium
oxide (5 ml; 99.8% incorporation) for 12 hours. The liquid was then
removed completely under reduced pressure, and dry pyridine (15 ml) was
added. After being heated on the steam bath for 4 hours, the solution
was cooled, diluted with water (40 ml), and acidified (HC1). Crystallization
2
of the precipitate from aqueous ethanol gave ( a -  H) trans-cinnamic acid 
(2.5 g), m.p. 130-131°C.
3
( OC- H) Cinnamic Acid - To benzylidenemalonic acid (50 mg) 
dissolved in dry dioxan (150 p,l) , tritiated water (10 nl; 50 Ci/ml) was 
added. After 2 hours, dry pyridine (150 |j,l) was added and the solution 
was heated at 80°C for 30 min., then cooled, diluted with water (3 ml),
4.2. EXPERIMENTAL.
and acidified (HQ1). Recrystallization of the precipitate from
3
aqueous ethanol afforded ( CX- H) trans-cinnamic acid (30 mg), m.p. 
130-131°C.
2
2-Furyl ( a -  H) acrylic Acid - Furfural (1 g), malonic
2
(OO1 - Ity) acid (1.3 g; 7570 incorporation), and pyridine (1 ml) were 
heated together on the steam bath for 10 hours. Cooling, dilution of 
the solution with water (10 ml), acidification (HC1), and recrystalli­
zation of the precipitate from aqueous ethanol, gave the trans-product 
(1.1 g ) , m.p. 140°C.
2
(2 - H) Hex-2-enoic Acid - Butyraldehyde (1 g), malonic
2
(00' - tty) acid (1.5 g; 757o incorporation), pyridine (0.5 ml), and 
piperidine (0.5 ml) were heated together on the steam bath for 10 
hours. Dilution with water (10 ml), and extraction with chloroform
gave the trans-product (500 mg), b.p. 118°C at 20 mm Hg.
2
( oc- H) Crotonic Acid - Acetaldehyde (1 ml) was heated with 
2
malonic (0 0’ - tty ) acid (1. 2 g; 757» incorporation) in pyridine (1 ml)
for 10 hours at 50°C. Work-up as in the previous experiment and
crystallization from light petroleum (b.p. 40-60°C) yielded the trans- 
product (800 mg), m.p. 68°C.
2
(ex., v - H ) Sorbic Acid - Crotonaldehyde (1 g), malonic
2
(0 0 1 - tty) acid (1. 2 g; 787o incorporation), and pyridine ( 1 ml) were
heated together on the steam bath for 8 hours. The solution was
diluted with water (10 ml) and acidified (HC1). Recrystallization of
2
the precipitate from aqueous ethanol gave (CX, y - H ) trans-trans- sorbic 
acid (800 mg), m.p. 133-134°C.
3
( a , Y - H ) Sorbic Acid - To crotonaldehyde (0.1 ml) and 
malonic acid (0.12 g) in pyridine (0.1 ml), tritiated water (10p,l; 50 
Ci/ml) was added. After 2 hours, the solution was heated on the steam 
bath for 2 hours, and then diluted with water (3 ml) and acidified (HC1).
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io4
The solid was recrystallized from aqueous ethanol to give (a,Y~ 
trans-trans- sorbic acid (75 mg), m.p. 132-133°C.
25-Phenyl (2,4- H ) penta-2,4-dienoic Acid - Cinnamylidene- 
2 11malonic (00' - H2) acid (400 mg; 997, incorporation) was heated
in pyridine (5 ml) under reflux for 8 hours. Water (10 ml) was added, 
the solution was acidified (3N-HC1), and the precipitate recrystallized 
from benzene to afford the dienoic acid (150 mg), m.p. 164-165°C.
3
5-Phenyl (2,4- H) penta-2,4-dienoic Acid - Cinnamylidene- 
malonic acid (300 mg), tritiated water (10 (0,1 ; 50 Gi/ml), and
pyridine ( 4 ml) were heated together under reflux and the reaction 
product was isolated as previously. The dienoic acid (110 mg), 
m.p. 164-165°C. was recovered.
3
5-Phenyl (2 - H) penta-2,4-dienoic Acid - Tritiated water 
(10 (0,1 ; 50 Gi/ml) was added to cinnamylidenemalonic acid (300 mg)
dissolved in dry dioxan (2 ml). After 30 min., the solution was 
evaporated under reduced pressure and the solid heated under nitrogen 
at 210° C. for 5 min. The residue was taken up into ether. Extraction 
with saturated aqueous sodium hydrogen carbonate (40 ml), separation 
and acidification of the aqueous layer, re-extraction of the product 
into ether, evaporation, and crystallization from benzene afforded the 
5-phenyl(2 - 3H) pentadienoic acid (20 mg), m.p. 163-164°C.
3
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The ft spectra of deuteriated compounds revealed the 
specificity of labelling and the percentage of deuterium incorporation 
in each case. In addition the molecular ions (of deuteriated products) 
were measured with a mass spectrometer. In the case of tritiated
compounds the specificity of labelling and the extent of tritium
3
incorporation was obtained by H nmr spectra. The specific 
radioactivity of the tritiated compounds was determined by counting.
Data obtained for each deuteriated and tritiated compound 
are given as follows:
2 4-
(oc- H) Cinnamic Acid - (Prepared by procedure a), M 149, 5 (CDCl^)
6.55 (d, J 16 Hz, OC - ft, 267.). Hence there is 747. incorporation of
oc - ft.
2 +( OC - H) Cinnamic Acid - (Prepared by procedure b ) , M 149, 5 (CDCl^)
1
6.55 (d, J 16 Hz, OC - H, 87,). Hence there is 927. incorporation of 
a- ft.
3
( OC- H) Cinnamic Acid
3
Specific activity 162 mCi/mmol, 5 (CDCl^) 6.55 (a- H) ,
1 1  2 Figure 1 shows A. H spectrum, B. H spectrum of a - H cinnamic acid,
3 3and C. H spectrum ofoc- H cinnamic acid.
Cinnamic Acid, m.p. 130-131 had 5(CDC13) 6.55 (d, J 16 Hz, oc - H),
7.81 (d, J 16 Hz, (3-H), 7.43 ( m. , ring's Hs).
2-Furyl (cx-ft) acrylic Acid - M~*~ 139, 6 (CDCl^) 6.31 (d, J 16 Hz,
1 2OC - H, 357,). Hence there is 657, incorporation of oc - H.
(2 - ft) Hex-2-enoic Acid - M+ 115, 5 (CDCl^ 5.82 (d, J 15.5 Hz, 2 - ft,
2
357,). Hence there is 657, incorporation of 2 - H.
(a- ft) Crotonic Acid - M*" 87, 5 (CDCl^) 5.85 (dq, J 15.5, 1.75 Hz,
1 2OC- H, 247,). Hence there is 767, incorporation of a - “H.
4.3. RESULTS.
(a, -y - 2H) Sorbic Acid - M+  114, 6(CDC13) 5.77 (d, J 15.5 Hz,
1 2 
CX- H, 337.) (hence there is 677. incorporation of cx- H) and 6.25
1 2 (m, Y “ 247.) (hence there is 767, incorporation of Y- H).
trans, trans - Sorbic acid, m.p. 134° (Figure 2), had 5 (CDG13)
5.77 (d, J 15.5 Hz, a -  H), 6.17 (q, 6 -H), 6.25 (t,y- H), and
7.33 (dq, 3- H); 5[(CD3 )2SO] 5.76 (d,cx- H), 6.16 (q, &- H ) , 6.28
(t, Y- H), and 7.16 (dq, 8  - H) where d, t ('3-line’), and q ('5-line1
multiplets) refer to apparent multiplicities at 20 Hz/cm display.
(a, Y - 3H) Sorbic Acid
3
Specific activity 68 mCi/mmol, 5 [(CD3)2S0] 5 .7 9 (cx- H,
3367. relative incorporation) and 6.29 ( Y- H, 647. relative incorporation) 
(Figure 2).
2 +
5-Phenyl (2,4- H)penta-2,4-dienoic Acid - M 176, 5 (CDC13) absence of
1 2 2 - H doublet (hence, ca. 987. incorporation of 2 - H) and 6.89
1 2 (m, 4 - H, 677.) (hence 337. incorporation of 4 - H).
5-Phenylpenta-2,4-dienoic Acid, m.p. 165°C, (Figure 3) had 6 (CDC13)
6.00 (d, J 15 Hz, a- H), ca. 6.90 ( m , Y - H), ca. 6.96 (d, 5 - H), 
and 7.25 - 7.7 (m, Ph +  8- H); 6[(CD3 )2S0)] 6.07 (d, J 15 Hz, CX- h)\ 
ca. 7.13 (m, Y- H ) , ca. 7.17 (m, &- H), and 7.25 - 7.7 (m, Ph + 3 -  H).
3
5-Phenyl (2,4 - H)penta-2,4-dienoic Acid.
3
Specific activity 180 mCi/mmol, 5 [(CD3 )2S0] 6.08 (s, 2 - H,
3
747. relative incorporation) and 7.13 (s, 4 - H, 267. relative incor­
poration) (Figure 3).
3
5-Phenyl (2 - H)penta-2,4-dienoic Acid.
O
Specific activity 60 mCi/mmol, 5 [ (CD3)2S0] 6.07 (s, 2 - H).
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10?
1 , 2 (10% in CDCty) B. H spectrum ofa - H Cinnamic acid
3 3C. H spectrum of CX- H Cinnamic acid
CINNAMIC ACID A. 1H spectrum
(Figure 1).
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(Figure 2)
(a,Y- ^H) Sorbic acid.
H spectrum
i
( H decoupled)
(Figure 3)
3
5-Phenyl (2,4 - H) penta-2,4-dienoic acid
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It was previously mentioned that Atkinson and co-workers 
deuteriated the a-position of a series of acetic acids by a general 
procedure which involved dissolving 0.5 mole of alkali metal salts 
in 200 ml of D^O containing 0.05 mole of OD] and heating at 150°C 
for 24 hours. Several OC-substituted a ,6-unsaturated carboxylic 
acids were similarly deuteriated in the y-position but senecioic 
acid apparently underwent exchange labelling also at the a-position.
Far more strongly basic conditions than are feasible in water might 
have been considered necessary for this last exchange. Nevertheless,
3
the observed slow loss of tritium from ( a -  H) cinnamic acid in
sodium hydroxide at 160°C confirms that a-exchange inOCB -unsaturated
12 13acids can indeed occur in aqueous medium. Manitto et al
labelled cinnamic acid by deuterium and tritium in the OC-position by
Hofmann type elimination. We did not, however, have success with
concentrated alkali in deuterium oxide for the exchange-labelling of
cinnamic acid in the oc-position. We therefore resorted to a route
7
employing the Doebner condensation of aryl aldehydes with malonic
acid in boiling pyridine: in the presence of labelled water, the
mono-decarboxylation of the enedioic acid leads to ana-labelled
product. Improved incorporation was obtained by separating the
2 3
stages and in particular by use of preformed malonic (00* - H^ 00- H)
2 3 2acid. In this way, ( a -  H and - H) cinnamic acid and furyl ( a -  H)
acrylic acid were obtained. Extension of the procedure to the
aliphatic aldehydes, butyraldehyde and acetaldehyde, readily afforded
2 2 ( a -  H) hex-2-enoic and ( a -  H) crotonic acid, respectively. Label
remaining in the carboxy group was of course replaced by ft by exchange,
before examination of the products. In each case, the ft nmr spectrum
confirmed the regiospecificity of the deuteriation through the marked
4.4. DISCUSSION.
Ill
reduction in intensity of the a-proton signal only. Mass 
spectrometry examination showed M+l for their molecular weights.
The spectra also confirmed, by the magnitude of Ltyp in each case, 
that the acids had been isolated in the trans-form.
14 15TheaB -unsaturated acid product may arise 5 through
loss of carbon dioxide from the anion of the unsaturated dicarboxylic
acid (in pyridine) and rapid transfer, to the resulting a  -carbanion, of
16the hydrogen ion from the medium. An alternative possibility 
involves addition of pyridine to the 8 -position of the unsaturated 
dicarboxylic acid, accompanied by protonation (or deuteriation, etc.) 
at the (X-position, followed by concerted loss of carbon dioxide 
and pyridine to yield the <x(3-unsaturated acid.
Q  vT-ty H C -R - CHO + CH2 (C02H ) 2 ___________NH R - CH - CH - C - 0
or pyridine H _ oj) CO.,H
or
I
R - CH - CH -  C -  0 
I
H vN ty  CCtyH  tv R - CH = CH - C02H
U
When the unsaturated aliphatic aldehyde, crotonaldehyde,
2
was condensed similarly with malonic (0 0* - ty) acid heated in
pyridine, sorbic acid resulted which bore a label in both the a- and
the y-position. Indeed, they-site carried more label (767o) than the
a-site (677o). The two-site labelling also occurred when a mixture
of crotonaldehyde, pyridine, malonic acid, and a trace of tritiated
water was kept and later heated. In this case labelling of the
3
sorbic acid was demonstrated unambiguously by the two-line H nmr
1 8spectrum obtained with H decoupling (Figure 2). Nearly twice as 
much tritium was present in the Y-position as in ' the desiredCX-position.
Comparative data for the present analyses of labelled sorbic 
acid were obtained by measuring the nmr spectrum of all trans-
112
sorbic acid in CDCl^ and in (CD^^SO (see Experimental). This was
17 18necessary because published spectra were incompletely or incorrectly
19assigned, as was the case for the methyl ester in carbon tetrachloride . 
In the last case, a transposition error had resulted in the Y - and
6 -proton shifts being listed in reverse order.
Extension of the labelling method to the phenyl analogue
of sorbic acid, 5-phenyl penta-2,4-dienoic acid, made it necessary
1 20 to obtain more H nmr data for this compound than was easily available.
The acid with m.p. 165° has long been considered to be the all-trans 
21
compound: it undoubtedly has the trans-cxB configuration, since Jct(3
is 15Hz. The more recent suggestion that this acid has a cis-y6
configuration appears to be based on an erroneous interpretation of
1 22 1 
the H nmr spectrum. The full analysis of H nmr spectrum of
this compound will be discussed in the next chapter. Nevertheless,
the form of the unobscured second order pattern from the Y - and
8-protons is such that the approximate shifts can be deduced and
assigned (Experimental section), though not the associated coupling
constants.
The unexpected two-site labelling of sorbic acid proved not
to be unique in that labelling in the same two (a,y) positions of
5-phenylpenta-2,4-dienoic acid occurred when fully labelled
2
cinnamylidenemaIonic (0 0* - H^) acid was decarboxylated in boiling
pyridine, but the extent of deuterium incorporation was now 98 and
33%, respectively. Similar relative labelling with tritium in the
oc- and y -positions, of 5-phenylpenta-2,4-dienoic acid resulted from
decarboxylation of cinnamylidenemaIonic acid in boiling pyridine in
3
the presence of tritiated water, as shown by the H nmr spectrum of
the product. Regiospecific (X-labelling was, however, achieved by
3
thermal decarboxylation of cinnamylidenemaIonic (00* - H) acid
113
under nitrogen at 210° for 5 min., although the chemical yield was 
3
poor. The H nmr spectrum of the isolated 5-phenylpenta-2,4-dienoic 
acid, observed with ft decoupling, comprised only one singlet from 
the a-position.
It followed that thermal monodecarboxylation of cinnamylidene-
malonic acid proceeds straightforwardly, albeit in low yield, with
the expected transfer of carboxy hydrogen to the oc “position. In
boiling pyridine, however, the monodecarboxylation in good yield of
both cinnamylidene- and crotonylidene-malonic acid is presumably
23
accompanied by lactonisation, and ring opening: otherwise it is
difficult to account for the transfer of carboxy hydrogen (the source
of the label) to both a- and Y-positions. Analogy with the condensation
between citral and malonic acid in pyridine, which leads to a 5 “lactone 
24
product, also suggests that the heating of the 2 ,4-dienedioic acids (1) 
in pyridine, effects lactonisation by addition of the z-carboxy to the 
yS-double bond in the S-cis form of the molecules. Label would thus 
be introduced into the Y-position, but would be lost again through 
elimination ring opening, because both the addition, (1 )— » ( 2), and 
the ring opening, as (3), would be expected to proceed by trans­
mechanisms. However, the Y-position of the lactones (2) is allylic 
so that under the reaction conditions exchange labelling there would be 
expected and the 2,4-dienoic acid (4) resulting from the ring opening and 
decarboxylation stages (3) would then necessarily beC^Y-labelled.
The observed relative extents of labelling of the sites, as shown in
(A) and (B), have further implications. The high a-incorporation in 
5-phenylpenta-2,4-dienoic acid (A) may mean a preponderance of straight 
monodecarboxylation of (1;R = Ph) in boiling pyridine. Alternatively 
the steps (3) may follow the formation of the lactone sufficiently 
rapidly for there to have been only a little allylic exchange in lactone 
(2).
£
*
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The isotopic incorporation observed for sorbic acid ( B )  
suggests that there is little or no straight monodecarboxylation 
of the dienedioic acid (1; R = Me) in boiling pyridine. Evidently 
the lactone (2; R = Me) is formed and persists long enough for 
extensive exchange to occur at its Y-position. As a result of 
this allylic exchange, protons in addition to isotopic hydrogen ions 
would be available from the medium for combination with the incipient 
carbanion arising at the decarboxylation step at (3).
Consistent with these various suggestions is the fact that 
the dienoic acid products (4) have been isolated in their highest m.p. 
forms, long regarded as the all-trans geometrical isomerides, so that 
the process depicted predominate. There are indications however 
that parallel reactions occur to a minor extent. That the OcB-double 
bond in the products (4) is undoubtedly trans, as shown by the nmr 
spectra, agrees with the concerted mechanism at (3) although sequential 
ring opening and decarboxylation cannot be excluded. That decarboxy­
lation does not precede the elimination ring opening of the lactonic
intermediate (2) appears certain, because otherwise the cis-aj3product 
19would be formed.
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5-Phenylpenta-2,4-dienoic acid ( 8 -styrylacrylic acid, 
cinnamylideneacetic acid, phenylbutadienecarboxylic acid) can 
be prepared in several ways and should have four stereoisomers as 
follows:
5.1. INTRODUCTION.
H - C - COOH HOOC - C - H
CX- trans, Y - trans a- cis,y- trans
w  i i ■ H O r H
H - C - C - H  H - C - C - H
il I!
HOOC - C - H H - C - COOH
a  - trans, y -  cis a -  cis,y- cis
1
Perkin in 1877 reported that the condensation between
cinnamaldehyde, acetic anhydride, and sodium acetate at 160-170° for
2
four hours yielded cinnamylideneacetic acid. Stuart in 1886 and
3
Dutt in 1925 used the Knoevenagel reaction and reported that 
condensation of malonic acid and aliphatic and aromatic aldehydes led 
to the formation of alkylidene-and arylidene-malonic acids. In the 
case of aliphatic aldehydes the corresponding dicarboxylic acids 
being very unstable, generally decompose under the experimental 
conditions into the corresponding oc{3"unsaturated monocarboxylic acids 
and carbon dioxide. But in the case of the products from aromatic
120
aldehydes, such decomposition is not effected and they are isolated
as unsaturated dicarboxylic acids. Using cinnamaldehyde in boiling
pyridine, Stuarts and Dutt prepared cinnamylideneacetic acid in
4quantitative yield. Fuson et al in 1957 used the Reformatskii 
reaction and condensed ethyl Y-bromocrotonate with benzaldehyde 
in the presence of zinc and obtained an oil which was hydrolysed to 
give 3 -styrylacrylic acid. These methods all produced the 
trans-trans-isomer having a melting point 164-165°C.
5
Stepanova et al in 1971 published a paper describing the
preparation of the a - cis Y -trans-isomer (m.p. 138°C) and studied its
£
stereochemistry. In 1972 in another paper they reported a synthesis
and the nmr and ir spectra of the q  - trans Y-cis-isomer (m.p. 128°C).
7
There are also reports in the literature indicating the preparation 
of the cis-cis-isomer through hydrogenation of phenylpropargylidenemalonic 
acid in the presence of palladium chloride in glacial acetic acid. A
g
recent report in the literature indicates that heating a mixture of the
trans-trans-isomer with polyphosphoric acid (PPA) for 1 hour yields
the CX-cis Y-trans-isomer. However other authors could not repeat.
9this: nor could I.
It is known that the configuration of dienoic acids
significantly affect their physiS-chemical properties and physiological
activities. Dienoic acids have been found amongst many biologically
5
active natural compounds. Physiological activities of the 
stereoisomeric forms of 3 -styrylacrylic acids and their esters have 
been studied.^ Trans-trans-(ethy1 ester) and cis-trans-(ethyl and 
methyl esters) isomers were found to be the most effective bactericidal 
and fungicidal agents of seven styrylacrylate esters tested. The 
cis-trans- , trans-cis- , and trans-trans-acids were less effective against 
microbes than were their esters. Comparison of anti-microbial
121
properties of 5-phenylpenta-2,4-dienoic acid and its methyl analogue
11
(sorbic acid) and their sodium salts has also been made.
5 12The controversial reports ’ on the stereochemistry
t i^e trans-trans-isomer made a reinvestigation necessary. In the
3
present study isotopic substitution and H nmr spectroscopy were 
applied and a full analysis of the ft nmr spectrum of the compound 
was achieved.
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5.2.1. Preparation of deuteriated compounds.
5.2.1.1. Preparation of 5-Phenyl(d5)Penta-2,4-dienoic acid.
13(a) Preparation of phenyl-d^ bromide.
A solution of acetic acid (5 ml) in water (5 ml) containing 
a catalytic amount of sulphuric acid was added slowly to a solution 
of benzene-d^ (5 g) in acetic acid (10 ml) and water (5 ml) containing 
dissolved potassium bromate (1.5 g) whilst the temperature was kept 
below 60°C. Heating was continued at the same temperature until 
the total reaction time reached 3.5 hours. The organic layer separated, 
was washed with diluted sodium hydroxide and water, and then distilled 
yielding phenyl-d^ bromide (3 g, 607,), b.p. 156-157°C.
(b) Carbonation of phenyl-d^ magnesium bromide,1**
A mixture of clean dry magnesium turnings (2 g), a crystal 
of iodine, and dry phenyl-d^ bromide (3 g) together with ether (5 ml; 
sodium dried) was heated; the reaction proceeded as usual to give 
phenyl-d^ magnesium bromide. The Grignard reagent was treated with 
solid carbon dioxide (20 g) and the resulting compound (after acid 
work-up) was recrystallised from boiling water to give benzoic acid-d^, 
(3.5 g), m.p. 121°C.
15(c) Preparation of benzyl-d^ alcohol.
_2
A solution in ether (45 ml) of LiAlH^ (3 x 10 mol) was
placed in a 250 ml three necked flask equipped with reflux condenser,
dropping funnel, and mechanical stirrer. The flask and contents
were protected from moisture, until completion of the reaction, by
calcium chloride tube attached to the various openings. Through
-2the dropping funnel, solution of benzoic acid-d^ (2.5 x 10 mol) in 
ether (30 ml) was added at a rate such as to produce a gentle reflux.
15 Min. after the addition had been completed, and with stirring and
5.2. EXPERIMENTAL.
1 2 3
cooling of the flask, water was added cautiously to decompose excess 
of hydride. Sulphuric acid (50 ml; 107e) was added and a clear 
solution resulted. The contents of the flask were transferred to 
a separating funnel and worked up in the usual way. Yield 80%, 
b.p. 92/10 mm, nft = 1.5399.
16
(d) Preparation of benzaldehyde-d^.
Benzyl-d^ alcohol (10 mmol) was oxidised at room temperature 
for 15 min. with a complex of CrO^ and pyridine in methylene chloride under 
N^, and the product was the corresponding aldehyde (benzaldehyde-d^). 
Yield 907°, b.p. 64/10 mm.
4(e) Reformatskii reaction of benzaldehyde-d^ and ethyl Y-bromocrotonate.
EthylY-bromocrotonate (1.2 g), in dried, peroxide free 
butyl ether* (5 ml), was added dropwise to a mixture of benzaldehyde-d^
(1 g) in butyl ether (7 ml) and zinc dust** (0.35 g), plus a trace of 
iodine.
The mixture was refluxed with stirring; after 15 min. a pale 
yellow colour appeared, and the reflux was continued for 2.5 hours.
At the end of this time a yellowish sticky oil had formed. Diluted 
HC1 was added, and the solution was stirred until all the yellow oil 
had dissolved. The solution was extracted with ether, washed with 
aqueous NaHCO^ and then water, dried, and the solvent evaporated.
After the removal of the solvent a yellowish oil was retained, which 
was dissolved in dry benzene (50 ml). A trace of toluene-p-sulfonic 
acid was added. The benzene was removed within one hour on the steam 
bath, and the residue was again dissolved in ether (50 ml), washed two 
times with NaHCO^ (107>) solution and then water, and dried over 
anhydrous magnesium sulphate. The solvent was distilled off. To 
purify the remaining brown sticky oil, petroleum ether (b.p. 40-60°C) 
was added, and the solution decanted from black oil. After evaporation 
of the petroleum ether extract, the resulting yellow oil was subjected
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It was dissolved in a saturated solution of potassium hydroxide 
in ethanol and the mixture was allowed to stand overnight. Then 
alcohol was removed under vacuum, water was added, and careful 
acidification with dilute HC1 gave a yellow solid. This was 
recrystallised from hot benzene-petroleum ether (b.p. 40-60°C) to 
afford shiny white crystals (30 mg) m.p. 165°C.
* To remove peroxide from ethers, the ether is shaken with
alkaline KMnO^ for several hours, followed by washing with water,
concentrated tySO^, and then water. After drying with CaCty,
17
the ether was distilled.
** The zinc dust was cleaned by. treatment for a few seconds with 
dilute HC1, and subsequent washing with water, acetone, and dry 
benzene. It was not allowed to stand in contact with air.
2
5.2.1.2. Preparation of 5-phenyl(a,(3- ty)penta-2 ,4-dienoic acid.
18(A) Preparation of anhydrous sodium acetate-d^.
Acetic acid-d^ (10 g) was titrated with sodium hydroxide.
After the neutralization, water was removed under reduced pressure 
and the resulting compound was collected. In order to make anhydrous 
sodium acetate-d^, it was heated in a casserole over a small free 
flame. The salt first liquified, steam was evolved and the mass 
solidified. Then, the solid was carefully heated with a larger flame, 
the fused salt was finally allowed to solidify and immediately powdered 
and stored in a tightly stoppered bottle.
18
(B) Preparation of acetic anhydride-d^.
Synthesis of acetyl-d^ chloride - Anhydrous sodium acetate-d^
(4 g) was placed in a flask and POCty (4 g) was added dropwise from a 
separating funnel during about 30 min. The reaction mixture was
to hydrolysis.
1 2 5
allowed to stand overnight and then distilled from a water bath.
The resulting acetyl-d^ chloride was distilled at 51-52°C (2 g).
Reaction of acetyl-d^ chloride and anhydrous sodium acetate-d^.
(3g) Finely powdered anhydrous sodium acetate-d^ was placed in 
a flask and acetyl-d^ chloride (2 g) in a dropping funnel was 
gradually added while the flask was kept in ice water. Then the 
flask was heated by means of a smoky bunsen flame until no more 
liquid passed over. More anhydrous sodium acetate-d^ (1 g) was 
added to the distillate in order to convert any unchanged acetyl-d^ 
chloride into acetic anhydride-d^. The mixture was distilled at 
135-137°C (1 g).
2
(C) Preparation of (1 - H) cinnamaldehyde.
This compound was prepared by two different methods.
The chemical yield of the first method was poor; therefore an 
alternative procedure was sought.
First method.
19(a) Preparation of Lithium tri-t-butoxyaluminiumdeuteride.
Lithium aluminium deuteride (0.5 g) was suspended in dry
ether (10 ml) in a three necked flask fitted with magnetic stirrer,
condenser, and stirred for 10 min. To the grey suspension (0-D)t-butanol 
(3.1 ml) was added dropwise. Evolution of gas and formation of a 
white precipitate were observed. After a further h  hour stirring, 
the ether and excess t-butanol were removed in a rotatory evaporator, 
and the white complex which separated was stored in a desiccator 
over ^2^5 ’ 3 *3 S*
20
(b) Preparation of cinnamoyl chloride.
A mixture of cinnamic acid (14.8 g) and thionyl chloride
(11.9 g) was placed in a 100 ml flask and the flask was fitted with
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a reflux condenser. The mixture was heated on a steam bath for 1 hour, 
and then allowed to cool. The mixture was then distilled under 
reduced pressure; yield 7 g, b.p. 100°C/1 mm, m.p. 35°C.
(c) Reaction of cinnamoyl chloride and Lithium-tri-t-butoxy-
21aluminium deuteride.
Cinnamoyl chloride (2.5 g) was dissolved in diglyme 
(dimethyl ether of diethylene glycol, 10 ml), and placed in a flask 
fitted with a stirrer, separating funnel, low temperature thermometer, 
and nitrogen inlet and outlet. The flask was flushed with dry 
nitrogen and cooled to approximately -78°C by immersing in a cooling 
bath of solid carbon dioxide and trichloroethylene. To the stirred 
flask the reagent, lithium-tri-t-butoxyaluminium deuteride (3.5 g) 
in diglyme (15 ml) was added over a period of 1 hour, avoiding any 
major rise in temperature. The cooling bath was then removed and 
the flask allowed to warm up to room temperature. The contents 
were then poured on to crushed ice. The aldehyde, was taken up in 
ether and recovered by distillation, yield 420 mg, b.p. 98-100°C/
3-4 mm.
Second method.
2 22(a) Preparation of (1 - t^) cinnamyl alcohol.
To a magnetically stirred suspension of lithium aluminium 
deuteride (0.7 g) in absolute ether (30 ml) was added in one portion, 
methyl cinnamate (2.9 g) in absolute ether (20 ml) (while keeping the 
temperature at -50°C, using a cold bath of trichloroethylene and solid 
carbon dioxide). The reaction flask was then warmed up to -25°C 
and stirred for 4 hours. The mixture was decomposed by consecutive, 
cautious addition of water (0.7 ml), sodium hydroxide (7 ml; 157,), 
and water (2.1 ml), and worked up as usual. Thin layer chromatography 
on silica gel (benzene-chloroform; 8 :2) showed only one spot indicating no
1 2 7
olefinic reduction and therefore no formation of hydrocinnamyl 
alcohol, C^H^-CHD-CHD-CD^OH. The IR spectrum showed the following 
bands: 3000 M, 1620 W, 800-900 cm ^S, indicating (~CH=CH-), yield
2.34 g, b.p. 145/14 mm.
2 16(b) Oxidation of (1 - Ity) cinnamyl alcohol.
2
(1 - ty) Cinnamyl alcohol (17 mmol) was oxidized to the
corresponding aldehyde in 15 min. at room temperature under nitrogen,
using a complex of CrO^ and pyridine in CtyCty. Fractional
2distillation of the reaction product afforded (1 - H) cinnamaldehyde 
(1.5 g), b.p. 112/12 mm.
2
(D) Perkin reaction of (1 - H) cinnamaldehyde, sodium acetate-d^
1and acetic anhydride-d^.
Acetic anhydride-d^ (1 g), anhydrous sodium acetate-d^
2
(0.35), and (1 - H) cinnamaldehyde (0.7 g), were mixed and heated 
under reflux for 4 hours at 175°C. The resinous residue was then 
diluted with a solution of sodium carbonate (157o), and heated on the 
steam bath for 15 min. The solution was then extracted with ether 
twice, and the aqueous layer was decanted, cooled in ice and acidified 
with concentrated HC1. The white, light precipitate was separated 
and after recrystallization from benzene-petroleum ether (b.p. 40-60°C) 
shiny crystals were obtained; yield 95 mg, m.p. 164°C.
5.2.2. Preparation of tritiated compounds.
3 23
5.2.2.1. Preparation of (methylene- H) benzyl alcohol.
Benzyl alcohol (1.1 g) was mixed with tris (triphenylphosphine) 
ruthenium dichloride (35 mg), and tritiated water (20 p, 1; 50 Ci/ml) 
in a sealed tube and heated for 45 min. at 200°C. The tube was cooled 
and opened. The tritiated alcohol was dried (MgSO^) and distilled, 
yield 1,05 g, b.p. 93/11 mm.
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3 165.2.2.2, Oxidation of (methylene- H) benzyl alcohol.
Benzyl alcohol (1.05 g) was oxidized to the tritiated 
corresponding aldehyde as described in 5.2.1.1. (d); yield 0.96 g, 
b.p. 65/10 mm.
5.2.2.3. Reformatskii reaction.
3
A mixture of (side chain - H) benzaldehyde (0.95 g) in 
n-butyl ether (2 ml; peroxide free), a crystal of iodine, and zinc 
dust (0.3 g) was stirred 15 min. under very dry conditions. Then 
a mixture of ethyl Y-bromocrotonate (1. 12 g) in ether (5 ml) was 
added dropwise from the top of condenser. After 15 min. a yellowish 
colour appeared and a yellow oil separated. The rest of the reaction 
was carried out as described in 5.2.1.1. (e); yield, 30 mg, m.p. 165°G.
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1 3
H and H Nmr spectra of non-deuteriated, deuteriated and 
tritiated compounds were examined using 57. solution in CDCl^,
Molecular ions of deuteriated compounds were measured and specific 
activities of tritiated compounds were also counted.
(a) ft Nmr spectrum of benzyl-d^ alcohol showed 6 (CDCl^)
4.6 (S, CH2), 2.15 (S, -OH).
(b) ft Nmr spectrum of benzaldehyde-d^ showed 5 (CDCl^) 9.25 (S, -CHO).
(c) H Nmr spectrum of 5-phenyl(d3 )penta-2,4-dienoic acid
showed 8 (CDCl^) 5.99 (d, Ja |3 = 15 Hz, Jocy= 0*4 Hz, °“ “ H) ,
6.96 (m, 6 - H), 6.90 ( d , Y “ H), 7.56 (dq,3- H), 7.92
(s, - COOH), M+  179 (Figure 1).
(d) ft Nmr spectrum of 5-phenylpenta-2,4-dienoic acid
(Figure 2, see page 109).
1 2(e) H Nmr spectrum of (1 - H) cinnamaldehyde showed
8(CDC13) 6.69 (d, J 15.8 Hz, a- H), 7.47 (m, ring and 
(3-protons), m’*' 133 (Figure 3).
(f) ft Nmr spectrum of cinnamaldehyde showed 5 (CDCl^) 6.7
(dd, J 15.8 H, 7.6 Hz,CX- H), 7.50 (m, ring and 3 -protons),
9.69 (d, J 7.6 Hz, -CHO) (Figure 3).
1 2(g) H Nmr spectrum of (l - H2) cinnamyl alcohol showed
5(CDC13 ) 7.32 (m, ring protons), 6.61 (d, J 15.8 Hz, 3- H),
6.35 (bd, J 16.1 Hz, a- H), 1.57 (s, -OH), M+  136
(Figure 4).
]_
(h) H Nmr spectrum of cinnamylalcohol showed 5(CDC13) 7.31
(m, ring protons), 6.62 (d, J 15.8 Hz, 3 “ H), 6.33 (dt, J
4.4 Hz, a- H), 4.28 (d, J 4.4 Hz, -CH2), 2.31 (s, -OH).
5.3. RESULTS.
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1 2(i) H Nmr spectrum of 5-phenyl (a, (3- H2)penta-2,4-dienoic
acid showed 5 (CDCl^) 7.38 (m, ring protons) 6.93 (s,
Y-and & -protons) 5.86 (S, - COOH). § [ ( C D ^ C O ]  7.65
(m, ortho-protons), 7.4 (m, meta-and para-protons)y(3.10
, ' 71  (Yj S profits)
(S, - COOH), M 176 (Figure 5).
3 3(j) H Nmr spectrum of (methylene- H) benzyl alcohol showed
3
5(CDC13) 4.55 (S, methylene- H ) , specific activity
52 mCi/mmol (Figure 6).
3 3(k) H Nmr spectrum of (side chain - H) benzaldehyde showed
2 35(CDC13) 9.25 (S, - C - H), specific activity 44 mCi/mmol 
(Figure 7).
3 3(1) H Nmr spectrum of 5-phenyl ( 5 -  H) penta-2,4-dienoic acid
showed 8 (CDCl^) 6.96 (S, & - 3H) (Figure 8).
1 3  3
(m) H coupled H nmr spectrum of 5-phenyl ( 8 - H) penta-2,4-
dienoic acid showed 5(CDC13) 6.90 (d, J = 14.25 Hz, 8 - H)
(Figure 8).
Shift reagent studies:
Data obtained from the addition of shift reagent
7
Eu(fod) 3 to the solution of 5-phenyl (a, 3 - "H2)penta-2,4-dienoic 
acid in chloroform are listed in Table I.
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TABLE I.
Compound (mmol) Shift reagent Chemical shift
(mmol) (ppm)
3 . 6 9 X i o " 2 - 6 . 9 3
3 . 6 9 X i o " 2 1 . 8 5 X i o “ 2 7 . 6 6
3 . 6 9 X 10“ 2 3 . 6 9 X i o “2 7 . 8 0
3 . 6 9 X i o ”2 5 . 5 4 X i o “2 7 . 9 2
3 . 6 9 X i o -2 7 . 3 4 X i o ’ 2 8 . 2 0
3 . 6 9 X 10“ 2 9 . 2 3 X i o “2 8 . 4 4
1 3 2
(Figure 1) 5-Phenyl(d5)penta-2,4-dienoic acid.
133
H spectrum
(Figure 2) 5-Phenylpenta-2,4-dienoic acid.
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2
H spectrum of (1 - H) cinnamaldehyde
(Figure 3) Cinnamaldehyde.
135
2H spectrum of (1 - H^) cinnamylalcohol.
H spectrum
(Figure 4) Cinnamylalcohol.
136
H spectrum
H spectrum 
<CDC13)
(Figure 5) 5-Phenyl(a, 3 ” H2)penta-2,4-dienoic acid.
1 3 7
H spectrum
H spectrum
3(Figure 6) (Methylene - H) Benzylalcohol.
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3H spectrum 
/ h coupled)
3H spectrum 
/ h decoupled)
3
(Figure 8) 5-Phenyl (8- H)penta-2,4-dienoic acid.
1 3 9
Theoretical H spectrum
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(Figure 9) 5-Phenyl(d5)penta-2,4-dienoic acid.
i4o
5-Phenylpenta-2,4-dienoic acid with m.p. 165°C has long 
7 12been regarded ’ as the trans-trans-geometrica1 isomeride, but
5 1in 1971 Russian workers claimed that the H nmr spectrum of this
compound does not confirm its structure as the trans-trans-isomer.
They reported that, judging from the nmr data, this compound was the
a - trans-y-cis-isomer. The spectrum of this compound is shown
in figure 2. We believe that their judgment is based upon a
1
misinterpretation of the H spectrum in that the signal near 7 ppm 
is not just first order from6 -H, but comprises a multiplet from the 
Y- and 5 -protons. Of course, there is clearly a very close similarity
in the chemical shifts of these.two protons.
This controversial report encouraged us to reinvestigate 
the nature of the acid. Therefore to determine the stereochemistry 
of this stereoisomer full analysis of its nmr spectrum ( a 4 spin 
system) (side chain) was required. To obtain the chemical shifts 
and coupling constants we decided to apply deuterium and tritium 
isotopic labelling. 5-Phenylpenta-2,4-dienoic acid deuteriated and 
tritiated in different position(s) were prepared.
The actual chemical shifts of the q- andY -protons were'
3
obtained from the previously prepared 5-phenyl(°VY - H)penta-2,4- 
dienoic acid (Figure 3, page 107). The signals from the 3 -proton 
are hidden under the phenyl resonance and therefore can not be 
observed (Figure 2). To remove the phenyl resonance 5-phenyl(d3 )penta
2,4-dienoic acid was prepared in the following scheme:
5.4. DISCUSSION.
l4l
TCRrO
C6D6 _ i r C 6D5-Br+Mg . C ^ - M g B r
TO L1A1H, rrO2 . c 6d5-cooh  —— 4  c 6d5-c h 2oh 3 ^
Pyridine
C,Dc-CHO + Br - CH0 - CH = CH - C0oEt —6 5 2 2
C6D5 - CH(OH) - CH2 - CH = CH - C02Et
n-butyl ether 
TsOH
benzene
C,Dc - CH = CH - CH = CH - C0oEt ---- — --- >
6 5 2 EtOH
C&D5 - CH = CH - CH = CH - C02H (m.p. 165°C)
1
The H spectrum of this compound is shown in Figure 1.
The chemical shift and splitting pattern of the 3 -H was observed 
as 5 7.56 ppm, = 15 Hz, J ^  = 7.31 Hz, and = 3.22 Hz
(Figure 1). In order to ascertain that the double quartet in the 
aromatic region belongs to the 3 bbe nmr experiment was repeated 
for the same sample witha-^H irradiation (the exact frequency for the 
oc-^H was obtained after 5 experiments). The double quartet was 
thus converted to a double doublet, indicating that the 3 signal 
is split as a doublet by the Y-H and the resulting doublet is further 
split into two doublets by the 5 -H.
Hopefully to obtain the first order coupling constant
between the 5 - and Y -protons and so measure J y 5 directly, and
2
thus obtain the geometry of the Y & “double bond, 5-phenyl (a,3 “ H2)penta-
2,4-dienoic acid was prepared by a Perkin reaction as in the following 
schemes:-
Scheme A - Preparation of acetic anhydride-d^.
CD3 - COOH + NaOH CD3 - COONa +  H20
P0Clo + 3 CD0 CO ON a^ 3 CD0 C0C1 +  P0.Nao 3 3 3 4 3
CD3 C0C1 + CD3 COONa-t (CD3C0)20 + NaCl
2
Scheme B - Preparation of (1 - H) cinnamaldehyde.
(a) LiAlD4 +  3 ( C H ^ C O D  Li [ OC(CH3)3 ] 3 AID + 3D2
C,H, - CH = CH - COOH +  S O C K  CtH, - CH = CH - COC16 5 2 6 5
C6H5 - CH = CH - COC1 + LiAl D [OC(CH3)3 ] _______ *
LiCl +  Al [0C(CH3)3]jI- C6H5 - CH = CH - CDO
(b) C6H5 - CH = CH - COOCH3 LiA1d4 ; C6H5 - CH = CH - CD2OH
C,H. - CH * CH - CDo0H  j. C,HK - CH « CH - CDO6 5  2 . , . ' 6 5pyridine
2
Scheme C - Preparation of 5-phenyl (a,3 - H2)penta-2,4-dienoic acid.
i70 ifto^r
C6H5 - CH = CH - CDO + (CD3C0)20 +  CD3 - COONa 
C6H5 - CH = CH - CD = CD - COOH (m.p. = 164°C).
1
The H spectrum shown in figure 5 indicates that the Y- and 
6 -protons have the same (or very close) chemical shifts. Because of 
full deuteriation of the (X - and the 3 “Positions there is no coupling 
to t h e Y “ and 8 -protons. A singlet (of 2-proton intensity) was 
observed for the two olefinic, 8 - and Y-protons. Change of solvent 
from CDC13 to benzene-d^ caused no separation into an AB quartet, 
although the phenyl resonance was affected when acetone-d^ was used 
as nmr solvent (Figure 5). This happened because association between 
the solute and the solvent changes the shielding of the ring protons 
in the molecule and therefore slightly changes the relative chemical 
shifts of the aromatic protons. The derived signal was then split 
into two groups, of intensities corresponding to two and three protons.
The appearance of nmr spectra can be greatly altered by 
the addition of paramagnetic substances. Both chemical shifts and 
relaxation times can be affected. The most common application
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of shift reagents or lanthanides is to separate overlapping signals.
Therefore it was hoped that the use of shift reagents would separate
the signals of the preceding singlet into an AB quartet. The most
widely used shift reagents are complexes of europium and praseodymium (III),
which are soluble in most of the solvents normally used for nmr.
Eu(fod) 3 was added in successive quantities to the sample of 
2
5~phenyl(a,3 - ty)penta-2,4-dienoic acid prepared in dried CDCty.
The results are shown in Table I.
2
5-Phenyl(a, 3 ” ty)penta-2,4-dienoic acid might have 
coordinated to the lanthanide through its carboxyl group. The 
singlet, whilst becoming broadened, was moved downfield without 
splitting.
Because deuterium substitution did not allow the extraction 
of Jy5 for this particular case, tritium substitution was applied.
3
We therefore prepared from (side chain - H)benzaldehyde some 5-phenyl 
3
(5 - H)penta-2,4-dienoic acid as in the following scheme:-
C.H. - CH„OH + HTO ( ph3 p) 3RuGl2  ^ C .H. - CHTOH
6 5 2------------------------- ^ 6 5
C rO
C,Hr - CHTOH 3 . C,Hr - CTO
6 5 ----- rrr. ^ 6 5pyridine
. C.H. - CTO + Br - CH0 - CH = CH - COOEt — -+6 5  I
C,H„ - CT(OH) - CH - CH = CH-COOEt ->6 o 2 ,
benzene
C,H_ - CT ~ CH - CH = CH - COOEt J H i  v,
6 5 EtOH
C6ty - CT = CH - CH = CH - COOH (m.p. 165°C)
When C^H^ - CtyOT was heated to 200°C for 45 min. in the
presence of 35 mg of tris (triphenyl-phosphine)ruthenium dichloride, 
the tritium bound to the oxygen was exchanged exclusivel)7 with- 
hydrogen at the C-l carbon atom. The advantages of this procedure
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for isotopic labelling of primary alcohols in the C-l position lie
in the simplicity, low cost, avoidance of reactive oxidants and
reductants, and the ability of the exchange to be carried out 
23
under neutral pH. The failure of tertiary alcohols such as
adamantanol to become labelled strongly implies an oxidation-reduction
25type mechanism for this catalytic method. Only 8 mCi/mmol activity 
of the alcohol, originally 52 mCi/mmol, was lost during its oxidation 
to the corresponding aldehyde (44 mCi/mmol). This indicates that 
during oxidation the C-T bond is less affected than the C-H bond - 
an isotope effect.
3
5-Phenyl(& - H) penta-2,4-dienoic acid was then prepared
3
by the Reformatskii reaction. The H nmr spectrum of this compound 
(Figure 8) was measured both with and without ^H decoupling. Use 
of tritium in this way provided an independent measurement of the 
8 -H chemical shift and allowed direct observation of Jy^ rj-. as 15.& Hz. 
The latter yields the proton-proton spin coupling constant Jy§ = 14.25 Hz 
The splitting arises from the coupling to the vicinal proton on the 
Y-carbon. This last value lies between the common ranges for 
trans (16-18 Hz) and cis (12-14 Hz) vicinal olefinic coupling constants; 
the assignment dilemma was finally resolved by the fact that the 
establishedy8 -cis-(X[3 -trans-phenylpenta-2 ,4-dienoic acid, m.p. 128°C, 
has the cis-coupling constant J ^ = 11.5 H z /  The value of 11.5 Hz 
is sufficiently smaller than 14.25 Hz for this latter to be taken as 
a trans- Y&coupling constant. So the acid, m.p. 165°C, is indeed 
the all trans-geometrical isomeride.
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Simulation of the ft spectrum of 5-phenyl(d^)penta-2,4-dienoic acid
In recent years, more and more papers have appeared using 
computer analysis for spectra; in fact it may now be considered 
to be a standard technique. The calculation of theoretical nmr 
spectra from chemical shifts and coupling constants has been fully 
described elsewhere.2^ ’ 27
Any iterative programme has to be used successively in 
two modes. First, given the type of spin system and a set of 
parameters (chemical shifts and coupling constants) - which it is 
hoped approximate the true values, the computer will set up and 
solve the secular equations, determining the energy levels and 
coefficients, and hence calculate the frequencies and intensities 
of the lines in the predicted spectrum: this is the non-iterative
mode. When the predicted spectrum bears an adequate resemblance to 
that observed, the programme may then be used in the iterative mode, 
that is the theoretical spectrum is adjusted for a best fit with a 
set of experimentally observed lines.
The ft spectrum of 5-phenyl(d3 )penta-2,4-dienoic acid was 
examined. The molecule contains 4 protons (except -COOH) and the 4 
spin spectrum may be regarded as an ABCD system. To simulate the
I
H spectrum (Figure 2), we used the ITRCAL programme which is a version
2 8
of the LAOCN^ algorithm written for a Nicolet 1080 minicomputer 
system. The programme consists of two parts. In the first part 
a set of values for the parameters is read in, and the resultant 
spectrum is computed. The print out from this first part reproduces 
all input data, then gives a tabulation of the transitions and
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intensities in order of increasing frequency. This facilitates 
matching with the observed spectrum. After the approximate 
spectrum is matched with the experimental spectrum and the 
transitions are cross identified, the second half of the programme 
is used for the least squares adjustments and error calculation.
Previous assignments for 5-phenyl(d3 )penta-2,4-dienoic acid 
(see page 129) suggested that the eight line multiplet at lowest
field arises from proton-(3 . Proton-a was assigned to the intense
/
doublet which gives rise to absorption at highest field. The next 
protons in the sequence, protons- y  and - 8  give a multiplet. Using 
the approximate parameters from these assignments, and matching the 
13 line spectrum, a rapid convergence was obtained.
A set of proposed chemical shifts and coupling constants 
were obtained by deuteriation and tritiation of the acid as already 
described. The values are listed in Table I. Ja ^ was assumed to be zero,
Table I. Input parameters. 
Nucleus Chemical shift (ppm)
a 6.00
(3 7.56
Y 6.90
8 6.96
Nuclei Coupling c
aj3 15.00
cxy 0.40
a & 0.00
3 y 7.31
35 3.22
&y 14.25
To analyse the spectrum, the above shifts and coupling
constants were fed in to the computer. The spectrum which was
produced did not match the experimental one. and could
be determined unambiguously from the observed lines and were kept
fixed at 15.00 and 14.25 Hz respectively, whereas the rest of the
parameters were free to vary. The variables J , J „ , J , and J_
* aY oc6 (3y 35
were entered on separate lines to indicate that they were to be 
varied independently. The choice of signs for anc  ^ ^ 3 & were 
as follows
Jcxy +  -  +  -
J|3& + + - -
After six iterations the calculation converged to an RMS 
error of 0 .0 1, and only was found to have negative sign.
ITRCAL
Number of spin = 4 
Spectrometer frequency = 90.02 MHz 
Width of display = 180 Hz 
Offset of display - 530 Hz 
Desired value of RMS error = 0,01 
Line width = 1 Hz
Table II shows all the predicted transitions between 16 energy levels 
with intensities and frequencies.
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10 - 13 
15 -  16
3 - 6  
9 - 1 2
5 - 8  
1 - 2
4 - 7
11 -  14 
10 -  15
13 - 16
5 - 1 1  
8 - 1 4
3 - 9
6 - 1 2
12 - 16 
9 - 15
1 - 4
2 - 7
4 - 1 1
7 - 1 4
6 - 1 3
3 - 1 0
8 - 1 2
14 -  16
7 - 1 2
5 - 9
8 - 1 3  
2 - 6
Transitions
5 3 2 . 1 9 8
5 3 2 . 2 4 9
5 3 2 . 2 7 7
5 3 2 . 2 7 8  
5 4 7 . 1 1 5  
5 4 7 . 1 4 8  
5 4 7 . 1 5 4  
5 4 7 . 1 7 1  
6 0 5 . 3 3 9  
6 0 5 . 3 9 0  
6 1 1 . 9 0 1  
6 1 1 . 9 5 7
6 1 9 . 5 1 4
6 1 9 . 5 1 5  
6 2 3 . 0 3 5  
6 2 3 . 0 6 4  
6 2 6 . 0 7 7  
6 2 6 . 0 8 3  
6 2 6 . 1 4 7  
6 2 6 . 1 6 4  
6 3 7 . 1 6 0  
6 3 7 . 2 3 9  
6 5 8 . 0 2 5  
6 6 9 . 1 0 3  
6 7 2 . 2 3 2  
6 7 2 . 8 6 3  
6 7 5 . 6 7 1  
6 7 8 . 8 0 0
Frequencies Relative intensities 
0 . 8 9 1  
0 . 8 9 7  
0 . 8 9 0  
0 . 8 9 6
1 . 1 0 4  
1 . 107
1 . 1 0 5  
1 . 1 0 3  
0 . 1 5 6  
0 . 1 3 2  
0 . 0 0 8  
0.010 
1 . 6 3 6  
1 . 5 4 1  
1 . 6 6 4  
1 . 713  
2 . 1 2 8  
2 . 1 9 6  
2 . 1 2 2  
2 . 1 9 1  
0 . 2 6 1  
0 . 2 3 6  
0 . 1 6 6  
1 . 3 0 5
1 . 0 5 9  
0 . 1 1 8  
0 . 9 2 8  
0 . 9 0 9
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Transitions Frequencies Relative intensities
11 -  15 6 8 4 . 0 2 5  1 . 0 2 6
4 - 9  6 8 7 . 1 0 8  0 . 8 5 5
7 - 1 3  6 8 9 . 8 7 7  0 . 0 5 0
5 - 1 0  6 9 0 . 5 8 7  0 . 7 6 7
1 - 3  6 9 3 . 6 7 1  0 . 7 6 3
4 - 1 0  7 0 4 . 8 3 3  0 . 0 4 4
Low intensities were not assigned.
Table III shows the iterated shifts and coupling constants along 
with the calculated and observed transition frequencies.
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Line Observed frequencies Transition
1 6 9 3 . 1 9 5 4 1 - 3
2 6 8 9 . 9 7 5 3 5 - 1 0
3 6 8 5 . 8 7 7 0 4 - 9
4 6 8 2 . 6 5 7 0 11 -  15
5 6 7 7 . 9 7 3 2 2 - 6
6 6 7 4 . 4 6 0 4 8 - 1 3
7 6 7 0 . 6 5 4 8 7 - 1 2
8 6 6 7 . 4 3 4 8 14 -  16
9 6 2 6 . 4 5 1 9 1 - 4
2 - 7  
4 - 1 1  
4 - 1 7
10 6 2 2 . 9 3 9 1 12 -  16 
9 - 1 5
11 6 1 9 . 4 2 6 3 3 - 9
6 - 1 2
12 5 4 7 . 7 0 6 3 5 - 8  
1 - 2  
4 -  7 
11 -  14
13 5 3 2 . 1 9 1 4 1 0 - 1 3  
15 -  16 
3 - 6  
9 - 1 2
6 9 3 . 6 7 1  
690 . 587  
6 8 7 . 1 0 8  
6 8 4 . 025  
6 7 8 . 8 0 0
6 7 5 . 6 7 1  
6 7 2 . 2 3 2  
669 . 1 0 3  
62 6 . 0 7 7  
6 2 6 . 0 8 3
626 . 1 4 7  
6 2 6 . 1 6 4  
6 2 3 . 0 3 5  
62 3 . 0 6 4
61 9 . 5 1 4
6 1 9 . 5 1 5  
54 7 . 1 1 5
5 4 7 . 1 4 8  
5 4 7 . 1 5 4  
5 4 7 . 1 7 1  
5 3 2 . 1 9 8  
5 3 2 . 2 4 9
532 . 2 7 7
5 3 2 . 2 7 8
Calculated frequencies
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Nucleus Chemical shift (ppm)
a  6.00
3 7.56
Y 6.90
5 6.97
Nuclei Coupling constants (Hz)
15.00 (not varied) 
<*Y - 0.18
0.03
3 y  9.92
35 0.58
Y& 14.25 (not varied)
The theoretical and experimental spectra of
5-phenyl(d3 )penta-2,4-dienoic acid are shown in (Figure 9). The 
correspondence between the calculated shifts and coupling constants 
and the known structure of the compound suggests that the above 
analysis of the spectrum is correct.
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Polyene Acids. Part 11.1 Preparation of a-Tritiated (or Deuteriated) 
Conjugated Enoic and Dienoic Acids and their Examination by Triton 
Magnetic Resonance Spectroscopy
By John A. Elvidge,* John R. Jones, Ramachandra B. Mane, and Manouchehr Saljoughian, Joseph 
Kenyon Laboratory, University of Surrey, Guildford GU2 5XH
Decarboxylation in boiling pyridine of conjugated ene[00'-3H]dioic acids (from aryl or alkyl aldehydes and malonic 
acid, followed by exchange tritiation with labelled water) efficiently provided a-tritiated rra/?s-af}-unsaturated acids. 
Extended to croton- and cinnam-aldehydes, the method yielded conjugated dienoic acids labelled at both a- and 
y-positions as shown by 3H n.m.r. Labelling at only the a-position was achieved by thermal monodecarboxylation 
of the intermediate from cinnamaldehyde. Mechanisms are discussed. Similar reactions can be used for the 
preparation of deuteriated ap-unsaturated acids.
«P -U n s a t u r a t e d  acids, including conjugated dienoic 
acids, bearing a tritium label on the a-carbon, were 
required for other studies. We therefore examined 
possible methods for specific incorporation of the isotope, 
trying deuterium labelling in initial experiments.
Atkinson and his collaborators 2 labelled the a-position 
of various acetic acids by heating the alkali metal salts 
in alkaline deuterium oxide. They extended this con­
venient method to the labelling of allylic positions in 
ap-unsaturated acids and indicated that senecioic acid 
underwent exchange labelling also at the a-position. 
Far more strongly basic conditions than are feasible in 
water might have been considered necessary for this last 
exchange. Nevertheless, the observed slow loss of 
tritium from [a-3H]cinnamic acid in sodium hydroxide 
at 160' 3 confirms that a-exchange in ap-unsaturated 
acids can indeed occur in aqueous medium. We did not, 
however, have success with concentrated alkali in 
deuterium oxide for the exchange labelling of cinnamic 
acid in the a-position. We therefore resorted to a 
route 3 employing the Doebner condensation 4 of aryl 
aldehydes with malonic acid in boiling pyridine: in the 
presence of isotopically labelled water, the mono­
decarboxylation of the enedioic acid leads to an a- 
labelled product. We obtained improved incorporation 
by separating the stages and in particular by use of 
preformed malonic [00 '-zH2 or -3H] acid. In this way, 
[a-2H and -3H]cinnamic and furyl[a-2H]acrylic acid were 
obtained. Extension of the procedure to the aliphatic 
aldehydes, butyraldehyde and acetaldehyde, readily 
afforded [a-2H]hex-2-enoic and [a-2H]crotonic acid, 
respectively. Label remaining in the carboxy group was 
of course replaced by 4H by exchange, before examination 
of the products. In each case, the n.m.r. spectrum 
confirmed the regiospecificity of the deuteriation through 
the marked reduction in intensity of the a-proton signal 
only. The spectra also confirmed, by the magnitude
1 Part 10, J. A. Elvidge and P. D. Ralph, J . Chem. Soc. (B ),
1966, 243.
* J. G. Atkinson, J. J. Csakvary, G. T. Herbert, and R. S.
Stuart, J . Amer. Chem. Soc., 1968, 90, 498.
s A. Latif, T. M. Saleh, and K. V. Sarkanen, Holzforschung,
1967, 81, 46.
* O. Doebner, Ber., 1902, 35, 2129.
6 E. J. Corey, J . Amer. Chem. Soc., 1952, 74, 5897; 1953, 75,
1163; J. Klein and A. Y. Meyer, J . Org. Chem., 1964, 89, 1038.
of J af} in each case, that the acids had been isolated in the 
frwis-form.
The ap-unsaturated acid product may arise 5 through 
loss of carbon dioxide from the anion of the unsaturated 
dicarboxylic acid (in pyridine) and rapid transfer, to the 
resulting a-carbanion, of hydrogen ion from the medium. 
An alternative possibility G involves addition of pyridine 
to the p-position of the unsaturated dicarboxylic acid, 
accompanied by protonation (or deuteriation, etc.) at the 
a-position, followed by concerted loss of carbon dioxide 
and p3'ridine to yield the ap-unsaturated acid.
When the unsaturated aliphatic aldehyde, croton- 
aldehyde, was condensed similarly with malonic [OOr- 
^ J a c id  and the crotonylidenemalonic [00'-2HJacid 
heated in pyridine, sorbic acid resulted which bore a 
label in both the a- and the y-position. Indeed, the 
y-site carried more label (7 6 % ) than the a-site (67%). 
The two-site labelling also occurred when a mixture of 
crotonaldelwde, pyridine, malonic acid, and a trace of 
tritiated water was kept and later heated. In this case 
the labelling of the sorbic acid was demonstrated un­
ambiguously by the two-line 3H n.m.r. spectrum obtained 
with 4H decoupling.7 Nearly twice as much tritium was 
present in the y-position as in the desired a-position.
Comparative data for the present analyses of labelled 
sorbic acid were obtained by measuring the n.m.r. 
spectrum of all+nms-sorbic acid in deuteriochloroform 
and in perdeuteriodimethyl sulphoxide (see Experi­
mental section). This was necessary because published 
spectra were incompletely 8 or incorrectly 9 assigned, or 
were for the methyl ester in carbon tetrachloride.1 In 
the last case, a transposition error had resulted in the y- 
and 8-proton shifts being listed in reverse order.
Extension of the labelling method to the phenyl 
analogue of sorbic acid, 5-phenylpenta-2,4-dienoic acid, 
made it necessary to obtain more 1H n.m.r. data for this 
compound than was easily available.10 The acid with
8 E. J. Corey and G. Fraenkei, J . Amer. Chem. Soc., 1953, 75, 
1168.
7 J. P. Bloxsidge, J. A. Elvidge, J. R. Jones, R. B. Mane, and 
E. A. Evans, J. Chem. Research (S). 1977, 258.
8 N. S. Bhacca, D. P. Hollis, L. F. Johnson, and E. A. Pier, 
1 N M R  Spectra Catolog,' Varian Associates, Palo Alto, 1963, vol. 
2, No. 462.
* Sadtler Standard Spectra, No. 11295M.
10 Sadtler Standard Spectra, No. 18848M.
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m.p. 165° has long been considered to be the all-tows 
compound: 11 it undoubtedly has the trans-a(J configur­
ation, since is 15 Hz. The more recent suggestion 
that this acid has a cis-yB configuration appears to be 
based on an erroneous interpretation of the n.m.r. 
spectrum: 12 the multiplet near to 8 7 is not first order 
and arises not just from Hs as indicated12 but also from 
Hy. Because the signal from Hp is hidden by the phenyl 
resonance, full analysis of the 1H n.m.r. spectrum was 
not immediately practicable. Nevertheless, the form 
of the unobscured second-order pattern from the y- and 
8-protons is such that the approximate shifts can be 
deduced and assigned (Experimental section), though 
not the associated coupling constants.
The unexpected two-site labelling of sorbic acid proved 
not .to be unique in that labelling in the same two (a,y) 
positions of 5-phenylpenta-2,4-dienoic acid occurred 
when fully labelled cinnamylidenemalonic [O0'-2H2]acid 
was decarboxylated in boiling pyridine, but the extent 
of the deuterium incorporation was now 98 and 33%, 
respectively. Similar relative labelling with tritium in 
the a- and y-positions of 5-phenylpenta-2,4-dienoic acid 
resulted from decarboxylation of cinnamylidenemalonic 
acid in boiling pyridine in the presence of tritiated water, 
as shown by the 3H n.m.r. spectrum of the product. 
Regiospecific a-labelling was, however, achieved by 
thermal decarboxylation of cinnamylidenemalonic [00'- 
3H]acid under nitrogen at 210° for 5 min, although the 
chemical yield was poor. The 3H n.m.r. spectrum of the 
isolated 5-phenylpenta-2,4-dienoic acid, observed with 
4H decoupling, comprised only one singlet from the De­
position.
It followed that thermal monodecarboxylation of 
cinnamylidenemalonic acid proceeds straightforwardly, 
albeit in low yield, with the expected transfer of the 
carboxy hydrogen to the a-position. In boiling pyridine, 
however, the monodecarboxylation in good yield of both 
cinnamylidene- and crotonylidene-malonic acid is pre­
sumably accompanied by lactonisation13 and ring 
opening: otherwise it is difficult to account for the trans­
fer of carboxy hydrogen (the source of the label) to both 
a- and y-positions. Analogy with the condensation 
between citral and malonic acid in pyridine, which leads 
to a 8-lactone product,14 also suggests that the heating 
of the 2,4-dienedioic acids (1) in pyridine effects lactonis­
ation by addition of the Z-carboxy to the y8-double 
bond in the s-cis-form of the molecules. Label would 
thus be introduced into the y-position, but would be lost 
again through elimination ring opening, because both 
the addition, (1) — (2), and the ring opening, as (3), 
would be expected to proceed by frans-mechanisms. 
However, the y-position of the lactones (2) is allylic so 
that under the reaction conditions exchange labelling 
there would be expected and the 2,4-dienoic acid (4) 
resulting from the ring opening and decarboxylation 
stages (3) would then necessarily be ay-labelled. The
11 Beilstein, * H a n d b u c h  der Organischen Chemie,’ 4th edn., 
vol. E  II 9, p. 440.
1! O. S. Stepanova, A. I. Galatina, and Ng. V. Tong, Vop. 
Stereokhim., 1971, 1, 76.
observed relative extents of labelling of the sites, as 
shown in (A) and (B), have further implications. The 
high a-incorporation in the 5-phenylpenta-2,4-dienoic
.C02H
c o 2h
(1)
py:j .  hH
c o 2h
C 0 2 H  
\
I ^ O ^ O
(2)
+  C 0 2 +  py:
acid (A) may mean a preponderance of straight mono­
decarboxylation of (1; R =  Ph) in boiling pyridine. 
Alternatively the steps (3) may follow formation of the 
lactone sufficiently rapidly for there to have been only a 
little allylic exchange in lactone (2).
The isotopic incorporation observed for sorbic acid 
[see (B)] suggests that there is little or no straight 
monodecarboxylation of the dienedioic acid (1; R =  Me) 
in boiling pyridine. Evidentfy the lactone (2; R =  Me)
C 0 2 H
7 a
D ° 33 98
Tb 26 74
(A)
M e ^
7 01
D ° 76 67
T * 6 4 3 6
(B)
C 0 2H
0 Actual incorporation %  per site. 6 Relative incorporation, 
%  of total.
is formed and persists long enough for extensive exchange 
to occur at its y-position. As .a result of this allylic 
exchange, protons in addition to isotopic hydrogen ions 
would be available from the medium for combination 
with the incipient carbanion arising at the decarboxyl­
ation step at (3).
Consistent with these various suggestions is the fact 
that the dienoic acid products (4) have been isolated in 
their highest m.p. forms, long regarded as the all-tows 
geometrical isomerides, so that the processes depicted 
predominate. There are indications however that
11 Cf. A, Riedel, Annalen, 1908, 361, 96.
14 C. E. Berkoff and L. Crombie, Proc. Chem. Soc., 1959, 400.
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parallel reactions occur to a minor extent. That the 
<xfJ~double bond in the products (4) is undoubtedly trans, 
as shown by the XH n.m.r, spectra, agrees with the con­
certed mechanism at (3) although sequential ring opening 
and decarboxylation cannot be excluded. That de­
carboxylation does not precede the elimination ring 
opening of the lactonic intermediate (2) appears certain, 
because otherwise the cis-ap product would be formed.1 
Aspects of these findings warrant kinetic and other 
investigations, which we intend to pursue.
EXPERIMENTAL
Proton a n d  triton n.m.r. spectra were obtained, the 
latter with proton-spin decoupling,7 as previously 
described 15>1# b y  m e a n s  of a Br uk e r W H  90 pulse spectro­
meter operating at 90 a n d  96 M H z  (nominal), respectively, 
with deuteriated solvents, a n d  tetramethylsilane as internal 
standard. O n l y  relevant n.m.r. observations are reported. 
Tritiated samples were counted with a B e c k m a n  L S  100 
liquid scintillation counter b y  using N E - 2 5 0  liquid scintil­
lator (Nuclear Enterprises Ltd.). Molecular ions (of 
deuteriated products) were m e asured with an A.E.I. M S  12 
m a s s  spectrometer.
[a-2H ]C in nam ic A c id .— (a) Benzaldehyde (2 g), malonic 
[00'-2H 23acid (2 g; 7 8 %  incorporation; m a d e  b y  exchange - 
in D 20), a n d  pyridine (2 ml) were heated together o n  the 
steam-bath for 4 h. Dilution with water (20 ml), acidific­
ation (HC1), a n d  recrystallisation of the precipitate from 
aqueous ethanol gave [a-2H]/ra«s-cinnamic acid (2.6 g), 
m.p. 130— 131 °C, M + 149, S ( CD C13) 6.55 (d, J  16 Hz, 
a ^ H ,  26%). H e n c e  there is 7 4 %  incorporation of a-zH.
(b) Benzylidenemalonic acid 17 (4 g) w a s  kept with 
deuterium oxide (5 ml; 9 9 . 8 %  incorporation) for 12 h. 
T h e  liquid w a s  then r e m o v e d  completely under reduced 
pressure, a n d  dr}' pyridine (15 ml) w a s  added. After being 
heated on the steam-bath for 4 h, the solution w a s  cooled, 
diluted with water (40 ml), and acidified (HC1). Crystal­
lisation of the precipitate from aqueous ethanol gave [oc- 
zH]/m«s-cinnamic acid (2.5 g), m.p. 130— 131 &C, M + 149, 
S(CDClj) 6.55 (d. J  16 Hz, a-TH, 8%). H e n c e  there is 
9 2 %  incorporation of a-2H .
[a-3H ]C innam ic A c id .— T o  benzylidenemalonic acid (50 
m g )  dissolved in dry dioxan (150 pi), tritiated water (10 
(jtl, 50 Ci m l -1) w a s  added. After 2 h, dry pyridine (150 
pi) w a s  a d d e d  a n d  the solution w a s  heated at 80 °C for 30 
min, then cooled, diluted with water (3 ml), a n d  acidified 
(HC1). Recrystallisation of the precipitate fr om aqueous 
ethanol afforded [a-3H]/ra«s-cinnamic acid (30 mg , 162 
m C i  m m o l " 1), m.p. 130— 131 °C, 8 (CD C13) 6.55 (a-3H).
2-Furyl[u.-2~H.)acrylic A c id .— Furfural (1 g), malonic
[00'-2H 2]acid (1.3 g; 7 5 %  incorporation), an d pyridine 
(1 ml) were heated together on a steam-bath for 10 h. 
Cooling, dilution of the solution with water (10 ml), acidific­
ation (HC1), a n d  recrystallisation of the precipitate from 
aqueous ethanol, gave the /ra«s-product (1.1 g), m.p. 
140 °C, 8 ( CD C1 3) 6.31 (d, J  16 Hz, a ^ H ,  35%). H e n c e  there 
is 6 5 %  incorporation of a-2H.
[2-zH ]H ex-2-enoic A c id .— Butyraldehyde (1 g), malonic 
[00'-2H 2] acid (1.5 g; 7 5 %  incorporation), pyridine (0.5 ml), 
a n d  piperidine (0.5 ml) were heated together o n  a steam-
16 J. M ’. A. Al-Rawi, J. P. Bloxsidge, C. O ’Brien, D. E. Caddy, 
J, A. Elvidge, J. R. Jones, and E. A. Evans, J.C.S. Perkin II ,  
1974, 1635.
ba th for 10 h. Dilution with water (10 ml), a n d  extraction 
with chloroform gave the /ra«s-product (500 mg), b.p. 
118 °C at 20 m m H g ,  M + 115, S( CD C 13) 5.82 (d, /  15.5 
Hz, 2-xH,  35%). H e n c e  there is 6 5 %  incorporation of 
2-*H.
[a-*H]Crokmte A c id .— Acetaldehyde (1 ml) w a s  heated 
with malonic [00'-2H 2]acid (1.2 g; 7 5 %  incorporation) in 
pyridine (1 ml) for 10 h  at 50 °C. W o r k - u p  as in the pre­
vious experiment a n d  crystallisation from light petroleum 
(b.p. 40— 60 °C) yielded the fraw-s-product (800 mg), m.p. 
68 °C, M + 87, 8 ( C H C 1 3) 5.85 (dq, J . 15.5, 1.75 Hz, oc^H, 
24%). H e n c e  there is 7 6 %  incorporation of «-sH.
[a,y-2H]Sori>tc A c id .— Crotonaldehyde (1 g), malonic 
[00'-2H 2]acid (1.2 g; 7 8 %  incorporation), a n d  pyridine 
(1 ml) were heated together o n  a steam-bath for 8 h. T h e  
solution w a s  diluted with water a n d  acidified (HC1). Re- 
crystallisation of the precipitate from aqueous ethanol gave 
[a,y-2H]/ra«s,^a«s-sorbic acid (800 mg), m.p. 133— 134 °C, 
M + 114, S(C D C13) 5.77 (d, J  15.5 Hz, a-LH, 3 3 % )  (hence 
there is 6 7 %  incorporation of a-2H )  a n d  6.25 (m, y-*H, 
2 4 % )  (hence there is 7 6 %  incorporation of y-2H).
fnms,/ra«s-Sorbic acid, m.p. 134°, h a d  8( CD C13) 5.77 
(d, J  15.5 Hz, oc-H), 6.17 (q, S-H), 6.25 (t, y-H), an d  7.33 (dq, 
(3-H); S[(CD3)2SO] 5.76 (d, a-H), 6.16 (q, 8-H), 6.28 (t, 
y-H), a n d  7.16 (dq, (3-H) wh er e d, t (‘ 3-line ’), a n d  q  (‘ 5- 
line ’ multiplets) refer to apparent multiplicities at 20 H z  
c m -1 display.
[a,y-3H]5or6ic A c id.— T o  crotonaldehyde (0.1 ml) an d  
malonic acid (0.12 g) in pyridine (0.1 ml), tritiated water 
(10 p.1, 50 Ci m l -1) w a s  added. After 2 h, the solution w a s  
heated on a steam-bath for 2 h, a n d  then diluted with water 
(3 ml) an d acidified (HC1). T h e  solid w a s  recrystallised 
from aqueous ethanol to give [a,y-3H]ira«s,im«s-sorbic 
acid (75 m g ;  68 m C i  m m o l " 1), m.p. 132— 133 °C, 8[(CD3)2SO] 
5.79 (a-3H, 3 6 %  relative incorporation) a n d 6.29 (y-3H, 
6 4 %  relative incorporation).
5-PhenyV.2A-~W\penla-2,4:-dienoic A c id .— Cinnamylidene- 
malonic [00'-2H«]acid 18 (400 m g ;  9 9 %  incorporation) w a s  
heated in pyridine (5 ml) under reflux for 8 h. W a t e r  (10 
ml) w a s  added, the solution w a s  acidified (3N-HC1? a n d  the 
precipitate recrystallised from benzene to afford the 
dienoic acid (150 mg), m.p. 164— 165 °C, S( CD C 13) absence of 
2-JH  doublet (hence, ca. 9 8 %  incorporation of 2-2H )  a n d  
6.89 (m, 4-LH, 6 7 % )  (hence 3 3 %  incorporation of 4-2H).
5-Phenylpenta-2,4-dienoic acid, m.p. 165 °C, ha d 8( CD C1 3) 
6.00 (d, J  15 Hz, a-H), ca. 6.90 (m, y-H), ca. 6.96 (d, S-H), 
a n d  7.25— 7.7 (in, P h  -j- (3-H); 8[(CD3)2SO ] 6.07 (d. J  15 
Hz, a-H), ca. 7.13 (m, y-H), ca. 7.17 (m, 8-H), a n d  7.25— 7.7 
(m, P h  -J- (3-H).
5~Phenyl[2,4:-z'K]penia-2,4r-dienoic A c id .— Cinnamylidene- 
malonic acid (300 mg), tritiated water (10 pi; 50 Ci ml"1), 
a n d  pyridine (4 ml) were heated together under reflux a n d  
the product w a s  isolated as previously. T h e  dienoic acid 
(110 m g ;  180 m C i  m m o l -1), m.p. 164— 165 °C, h a d  8[(CD3)2- 
SO ] 6.08 (s, 2-3H, 7 4 %  relative incorporation) a n d  7.13 (s, 
4-3H ,  2 6 %  relative incorporation).
5-P henyl[2-aii']penta-2,4:-dienoic A c id .— Tritiated water 
(10 pi; 50 Ci m l -1) w a s  ad ded to cinnamylidenemalonic acid 
(300 m g )  dissolved in dry dioxan (2 ml). After 30 min, the
18 J. M. A. Al-Rawi, J. P. Bloxsidge, J. A. Elvidge, J. R. 
Jones, V. M. A. Chambers, and E. A. Evans, J. Labelled Com­
pounds and Radiopharmaceuticals, 1976, 12, 293.
17 K. C. Pandya and R. B. Pandya, Proc. Indian Acad. Sci., 
1941, 14A, 112.
18 S. E. Boxer and R. P. Linstead, J . Chem. Soc., 1931, 740.
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solution w a s  evaporated under reduced pressure and the 
solid heated under nitrogen at 210 °C for 5 min. T h e  
residue w a s  taken u p  into ether. Extraction with saturated 
aqueous sodium hydrogencarbonate (40 ml), separation a n d  
acidification of the aqueous layer, re-extraction of the 
product into ether, evaporation, an d crystallisation from 
benzene afforded 6-phenyl[2-8H]pentadienoic acid (20
m g ;  00 m C i  m m o l -1), m.p. 163— 164 °C, 8[(CD3)2SO] 6.07 
(s, 2-8H).
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